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Abstract

The orphan receptor nerve growth factor-induced B (NGFI-B) is a member of the nuclear receptor’s
subfamily 4A (Nr4a). NGFI-B was shown to be capable of binding both as a monomer to an extended
half-site containing a single AAAGGTCA motif and also as a homodimer to a widely separated everted
repeat, as opposed to a large number of nuclear receptors that recognize and bind specific DNA
sequences predominantly as homo- and/or heterodimers. To unveil the structural organization of NGFI-B
in solution, we determined the quaternary structure of the NGFI-B LBD by a combination of ab initio
procedures from small-angle X-ray scattering (SAXS) data and hydrogen–deuterium exchange followed by
mass spectrometry. Here we report that the protein forms dimers in solution with a radius of gyration of
2.9 nm and maximum dimension of 9.0 nm. We also show that the NGFI-B LBD dimer is V-shaped, with
the opening angle significantly larger than that of classical dimer’s exemplified by estrogen receptor (ER)
or retinoid X receptor (RXR). Surprisingly, NGFI-B dimers formation does not occur via the classical nuclear
receptor dimerization interface exemplified by ER and RXR, but instead, involves an extended surface area
composed of the loop between helices 3 and 4 and C-terminal fraction of the helix 3. Remarkably, the
NGFI-B dimer interface is similar to the dimerization interface earlier revealed for glucocorticoid nuclear
receptor (GR), which might be relevant to the recognition of cognate DNA response elements by NGFI-B
and to antagonism of NGFI-B–dependent transcription exercised by GR in cells.

Keywords: orphan nuclear receptor; NGFI-B; glucocorticoid nuclear receptor; hydrogen–deuterium
exchange; SAXS

The nuclear receptor (NR) superfamily is composed of
ligand-dependent transcription factors which play impor-
tant roles in cell growth, differentiation, metabolism,
reproduction, and morphogenesis of higher organisms,
including humans. The nuclear receptors reside in either
the cytoplasm or nucleus, and activate transcription in
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response to specific lipophylic ligands such as steroids,
thyroid hormones, retinoids, vitamin D, prostaglandins,
fatty acids, and other ligands (Ribeiro et al. 1995, 1998).
Practically all nuclear receptors have a modular structure
which consists of three major domains: the N-terminal
domain, the most variable in size and sequence (Shao and
Lazar 1999); the DNA-binding domain (DBD), the most
conserved part of the protein, which confers the ability to
recognize specific DNA sequences (Lee et al. 1993); and
the C-terminal part, a multifunctional domain responsible
for ligand-dependent transcriptional activation (LBD)
(Wurtz et al. 1996). So far, 48 different nuclear receptors
have been identified in the human body, and for a number
of them, the biochemical bases for activity and their
cognate ligands have been elucidated. However, for some
orphan nuclear receptors, including NGFI-B, physiolog-
ically relevant ligands have not been identified to date
(Giguere 1999).

The NGFI-B or Nr4a1 in standard classification (also
called TR3, Nur77, NAK1, and eight other aliases)
belongs to the nuclear receptor subfamily 4A (Nr4a)
which also includes two other receptors: Nurr1/Nr4a2
and NOR-1/Nr4a3 (Herschman 1991; Maruyama et al.
1998). Members of this subgroup exhibit significant
similarity in their DNA-binding domains, moderate sim-
ilarity in their ligand (like)-binding and transactivation
domains (Giguere 1999), and all play important roles in
the nervous, endocrine, and immune systems. All three
receptors are immediate–early response gene products
that are induced after stimulation with serum, growth
factors, and nerve growth factor (NGF) (Hazel et al. 1988;
Milbrandt 1988). Similarly to many other orphan nuclear
receptors, the members of the subfamily 4A regulate the
expression of other genes, ultimately culminating in pheno-
typic changes (Herschman 1991). They do so by binding,
either as monomers to a consensus NBRE sequence
(AAAGGTCA) upstream to the target gene (Wilson et al.
1991), or as homodimers activating transcription through
the Nur-responsive elements (NurRE, widely spaced everted
repeat of AAAT[G/A][C/T]CA separated by 10 base pairs)
(Philips et al. 1997a). The expression of NGFI-B, NOR-1,
or Nurr1 alone is sufficient to activate NBRE or NurRE-
directed transcriptional activities. In addition, recent studies
have shown that they also heterodimerize with each other
(Maira et al. 1999) and that NGFI-B and Nurr1, but not
NOR-1, can also activate transcription through DR5 ele-
ments (AGGTCA n AGGTCA; n ¼ 5), acting as hetero-
dimers with the retinoid X receptor (RXR) (Forman et al.
1995; Perlmann and Jansson 1995). Therefore, NGFI-B and
related transcription factors function through a variety of
genetic targets participating in multiple roles in both
developmental and physiological regulation.

NGFI-B is widely expressed and was originally iden-
tified by virtue of its rapid induction by serum in

fibroblasts and by NGF in cell line PC12 (Hazel et al.
1988). NGFI-B is involved in distinct cellular functions,
such as differentiation of neural cells (Saucedo-Cardenas
et al. 1998), modulation of retinoic acid signal trans-
duction (Perlmann and Jansson 1995), and regulation of
steroidogenesis in the human adrenal cortex (Lu et al.
2004). The importance of NGFI-B in the apoptotic
process was earlier demonstrated in knockout experi-
ments in T-cell hybridomas (Liu et al. 1994; Woronicz
et al. 1994). In the thymus, NGFI-B acts upon the
T-lymphocytes in both pro-apoptotic (Youn et al. 1999)
and anti-apoptotic manners (Suzuki et al. 2003). How-
ever, it was recently shown that NGFI-B translocates to
mitochondria to initiate the apoptotic process, a function
distinct from that carried out by transcription factors
(Li et al. 2000). It was shown that the glucocorticoid receptor
(GR) and NGFI-B exert mutual antagonism in cells (Philips
et al. 1997b). NGFI-B–dependent transcription activity is
blunted by increasing concentrations of GR, whereas
NGFI-B titrated GR transcription activity on cognate
DNA targets in transfection assays (Philips et al. 1997b).
NGFI-B was also shown to heterodimerize with other
members of NR subfamily 4A (Maira et al. 1999) and with
RXR (Forman et al. 1995).

The recent crystallographic structures of Nurr1 and
NGFI-B LBDs revealed that these receptors do not have a
void in a typical ligand-binding cavity as a result of the
tight packing of side chains of several bulky hydrophobic
residues in the region normally occupied by ligands.
Moreover, the canonical coactivator cleft has hydrophilic
rather than hydrophobic topology, indicating that both
nuclear receptors lack a classical binding site for coac-
tivators (Wang et al. 2003; Flaig et al. 2005). Further-
more, a novel coregulator interaction surface, composed
of helices H11 and H12, has been identified in NGFI-B
(Flaig et al. 2005). While the crystal structures of NGFI-B
LBD provided a wealth of atomic details of this orphan
NR structural organization, we found it necessary to
obtain better knowledge of its quaternary structure in solu-
tion in order to further understand the role of multimeric
assembly in NGFI-B function.

In the present study we report the structural organiza-
tion of the NGFI-B LBD as revealed by biochemical
methods, small-angle X-ray scattering (SAXS) analyses,
and hydrogen–deuterium exchange (H/D Ex) experiments
followed by mass spectrometry (MS). We retrieved and
analyzed ab initio dummy-residue models from SAXS
data and used the available crystallographic structures of
the isolated NGFI-B LBDs to place them inside the low-
resolution envelope, unveiling the most likely dimeric
organization of the NGFI-B in solution. The NGFI-B
dimerization interface, composed by the loop H2–H3 and
the C-terminal part of H3, was unambiguously deter-
mined by H/D Ex experiments and revealed unexpected
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similarity with the nonclassical dimer interface observed
for the glucocorticoid receptor (GR). The similarity of the
dimerization mode between these two receptors might be
relevant to the ability of GR to inhibit NGFI-B DNA-
binding ability and NGFI-B–dependent transcription on a
cellular level.

Results and Discussion

Secondary structure of NGFI-B LBD

First, we assessed the folding of recombinant NGFI-B
LBD in solution by CD and fluorescence measurements.
The measured far-UV CD spectrum at room temperature
shows two negative bands at 224 and 209 nm and a
positive band near 190 nm (Fig. 1A). Analysis of the
spectrum was performed using Dichroweb (Whitmore and
Wallace 2004) with the programs SELCON3 (Sreerema

et al. 1999), CONTIN (Provencher and Woody 1981), and
K2D (Andrade et al. 1993). The a-helical content com-
puted by these programs ranged from 52% to 60%, and
that of b-strands, from 4% to 11%. These data are in
excellent agreement with the secondary-structure compo-
sition calculated on the basis of the crystal structure of
NGFI-B LBD, in which the total a-helical content is also
;61%, and total b-strand content, ;4%.

The NGFI-B LBD intrinsic fluorescence emission
spectrum has a maximum fluorescence wavelength at
327 nm upon excitation at 280 nm (Fig. 1B), demonstrat-
ing that its tryptophan residues are buried. Intrinsic
fluorescence emission spectra, recorded during a period
of several hours, were practically identical, indicative of
stability of the protein at room temperature. Analysis of
NGFI-B LBD X-ray structure shows that these residues
are hidden within the protein core and are inaccessible to
solvent. The accessible surface areas of both conserved
tryptophan residues, calculated with the program AREA-
IMOL from CCP4 program suite (Collaborative Compu-
tational Project, Number 4 1994), are 1.0 and 8.4 Å2,
which are much smaller as compared to the accessible
surface area of the fully solvent-exposed tryptophan
residues (111.3 and 113.8 Å2). These results corroborate
with the notion of the structural integrity of recombinant
NGFI-B LBD in solution.

SAXS data reveal the capacity of NGFI-B to form dimers
in solution

To obtain information about NGFI-B LBD quaternary
structure and its molecular shape, we submitted this pro-
tein to SAXS analysis. Comparative analysis of SAXS scatter-
ing curves showed that concentration effects were negligible.
Therefore, the SAXS scattering curve, obtained with
6 mg/mL of protein and corrected for the smearing effects,
was utilized for structural studies (Fig. 2). Guinier anal-
ysis was applied to determine the radius of gyration, Rg ¼
2.85 nm, for NGFI-B in solution (Fig. 2, lower inset).
The same parameter was also obtained from the theoretical
fit of the scattering curve by the indirect Fourier transform
program GNOM (Fig. 2, upper inset). The radius of
gyration and the maximum dimension of the NGFI-B
LBD are equal to 2.89 6 0.10 nm and 9.00 6 0.50 nm,
respectively.

The shape of the protein at 3.14-nm resolution was
determined from the X-ray scattering data by two inde-
pendent procedures (see Materials and Methods). Both ab
initio reconstructions rendered very similar V-shaped
molecular envelopes. Perfect superposition of the molec-
ular envelope computed on the basis of the spherical
harmonics (Svergun et al. 1996, 1997) with the dummy-
atom model (DAM) can be observed (Fig. 3). The low-
resolution DR model obtained in this study clearly reveals

Figure 1. (A) Circular dichroism analysis of recombinant NGFI-B LBD.

The CD spectra of native NGFI-B LBD at concentration of 0.13 mg/mL in

5 mM phosphate buffer, pH 8.0, plus 1 mM DTT. The spectra were

recorded in the range from 190 to 250 nm at room temperature in a 1-mm

path-length quartz cuvette using Jasco J-720 spectropolarimeter with an

average of 16 scans. (B) NGFI-B LBD intrinsic fluorescence spectrum.

The emission spectra of NGFI-B LBD were recorded at the excitation

wavelength of 280 nm and protein concentration of 0.3 mg/mL in 10 mM

phosphate buffer (pH 8.0), 500 mM NaCl, and 1 mM DTT. Experiments

were carried out at 25°C and corrected for buffer contribution.
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a bilobal molecular envelope characteristic for a dimeric
protein (Fig. 3). All of the SAXS-derived structural
parameters are consistent with the dimeric organization
of the protein in solution at the concentrations used in
SAXS experiments. Given the capacity of NGFI-B to
recognize monomeric half-sites (NBRE) and, also, to
mediate transcription from widely spaced everted palin-
drome DNA response elements ER10 (NurRE), the ability
of this receptor to form dimers in solution is relevant to its
physiological function, and we decided to additionally
study NGFI-B dimer formation by MS.

MS confirms the existence of NGFI-B dimers

The NGFI-B LBD was submitted to MS analysis,
which clearly showed the presence of two protein pop-
ulations (Fig. 4). The mass envelopes obtained in MS
experiments were superposed and corresponded to mono-
mers and dimers of NGFI-B. Deconvolution of the peaks
in mass spectra reveals that ;70% of NGFI-B exists as
dimers under conditions of the MS experiment with the
molecular mass of 62,103 Da, whereas the rest of the
protein forms monomers with the molecular mass of
31,126 Da (Fig. 4). The experimentally obtained masses
of NGFI-B dimers and monomers closely match the
theoretically calculated values of 62,204 and 31,102 Da,
respectively. The theoretical calculation of the NGFI-B

LBD mass took into account that the construct studied in
the present work contained an open reading frame of
NGFI-B LBD plus additional amino acid residues derived
from the expression vector at its amino terminus, includ-
ing the cluster of six histidine residues. These results con-
firm that the protein preferentially forms dimers, which
are stable even under the harsh conditions of the MS
experiment (see Materials and Methods).

NGFI-B dimer is more open than classical
NR homodimers

To evaluate the molecular shape of NGFI-B dimer, we
compared its architecture with the properties of the most
probable homodimer configurations for two classical
nuclear receptor LBDs, ER and RXR. Comparison of
the low-resolution shape of NGFI-B with the RXRa and
ERa dimer structures shows that, although all three
receptors are anisometric, V-like shaped dimers, the angle
between the monomers in the low-resolution ab initio
model for NGFI-B LBD is significantly larger. The
observed angles between RXRa and ERa monomers are
60° and 50°, respectively, whereas the opening angle
calculated here for NGFI-B is 140° (Fig. 5A). This also
means that the dimer interface for NGFI-B is consider-
ably smaller than the classical dimeric interface found in
the crystal structures of RXRa and ERa.

Figure 2. Small-angle X-ray scattering curves for NGFI-LBD. Experimental scattering curves corrected for the smearing effect of

NGFI-LBD at 6 mg/mL (black circles with errors bars), with simulated curves corresponding to the low-resolution model (black solid

line) and high-resolution model obtained by rigid body adjustment of the symmetrically related NGFI-B LBD dimer (gray solid line),

ER LBD (PDB id., 1A52; gray dashed line), and RXRa (PDB id., 1LBD; black dashed line). Inset below the scattering curves: Guinier

plot with linear fit profiles, allowing the estimation of Rg ¼ 2.85 nm. Upper inset: NGFI-LBD distance distribution function.
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To interpret the SAXS-derived NGFI-B molecular
envelope in terms of the high-resolution crystal struc-
tures, we compared the envelope with all possible
symmetry-related NGFI-B LBD dimers observed in the
crystal structure of the protein (Flaig et al. 2005). All six
symmetry-related dimers derived from the crystal struc-
ture were fitted to the low-resolution molecular envelope
(Table 1), presenting x values of 2.14, 1.52, 1.51, 1.30,
1.25, and 1.22. Although the last three putative dimers
showed better x values and fitted better the low-resolution
molecular envelope of NGFI-B, to experimentally map the
NGFI-B dimerization surface, we conducted hydrogen–
deuterium exchange experiments followed by peptic diges-
tion and MS.

The NGFI–B LBD dimer interface

Part of the surface of the protein involved in the dimeric
interface is protected from the solvent upon dimerization.
Hence, deuterium uptake at the interface area is hampered
in the dimeric assembly, thus opening a possibility for the

experimental identification of this interface by MS
analysis of the NGFI-B peptides produced by enzymatic
digestion. The MS analysis of the NGFI-B LBD peptic
digestion identified 40 peptides that cover 91.5% of the
protein sequence (data not shown). The H/D exchange
occurred in 77% of the protein, with the deuterium
incorporation rates in peptides varying between 3% and
100%. The peptides on the surface of the protein that
display deuterium protection comprise the H2–H3 loop
(14 amino acids), the C-terminal fragment of H3 (eight
amino acids), and four amino acids in H10 (Fig. 5B).
Mapping of the H/D Ex-protected areas onto the 3D
structure of NGFI-B LBD revealed continuous and
extended surface area composed by the H2–H3 loop and
the C-terminal part of H3. Furthermore, the H2–H3 loop
contains a number of hydrophobic residues (L381, Y383,
and F386), which are characteristic of the molecular
interface. The short four-amino acid fragment of H10 is
located at the opposite side of the molecule and neither
contains hydrophobic amino acid residues nor forms the
continuous surface area. Therefore, the H2–H3 loop and
the C-terminal part of H3 clearly mediate NGFI-B
dimerization and make part of its dimer interface. Given
that, we carefully analyzed the NGFI-B dimers, which
were derived from the X-ray structure, looking for the
symmetry-related molecules that make contact and inter-
act through the H2–H3 loop and N-terminal part of the H3
interface.

NGFI-B dimer interface is similar, but not identical
to, the GR dimer

Only one of the six putative NGFI-B LBD dimers
observed in the crystal indeed is formed through the
contacts mediated by the H2–H3 loop. Besides, the same
dimer has one of the lowest x values (1.30) in our
preliminary SAXS analysis. Since dimer conformation
in the crystal lattice could be affected by the crystal
contacts, we submitted this dimeric arrangement to rigid-
body adjustment against the SAXS data using the SAS-
REF program (Petoukhov and Svergun 2005), yielding an
excellent adjustment parameter x value of 1.14 (Table 1).
A putative NGFI-B LDB dimer, which represents the best
fit to SAXS data, is given in Figure 5C. Its interface
region is characterized mostly by hydrophobic interac-
tions, formed by phenolic rings of the residues Phe386
and Tyr383, and the hydrophobic moiety of the Leu381
side chain. The loss of solvent accessible surface area in
the formation of the NGFI-B LBD homodimer is consid-
erably smaller than that for other known nuclear receptor
homodimers. RXRa and ERa, for example, lose upon
dimerization 1232 and 1672 Å2 of accessible surface,
respectively. The accessible surface area hidden by the
formation of NGFI-B dimer identified here by SAXS is

Figure 3. Stereoview of two independently retrieved NGFI B-LBD ab

initio low-resolution models. Superposition of the low-resolution envelope,

computed by SASHA (Svergun et al. 1996, 1997), with the dummy-atom

models, retrieved by GASBOR (Svergun et al. 2001), is given in three

projections. Middle and bottom images are rotated by 90° around the y and

x axes, respectively, compared to the top image.
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only 579 Å2. (All areas were calculated using the CCP4
program AREAIMOL [Collaborative Computational
Project, Number 4 1994].) Another clear difference be-
tween the three structures is the dimerization interface.
RXRa and ERa LBDs both dimerize through the classical
dimerization interfaces, which involves molecular con-
tacts between helices H9 and H10. On the contrary, the
NGFI-B LBD dimer interface involves molecular contacts
mediated by the H2–H3 loop and C-terminal fragment of
the H3 (Fig. 6A,D).

Is the NGFI-B dimerization mode unique? To answer
this question we looked carefully at the dimerization
interfaces identified for other nuclear receptors. A recent
structural study of the glucocorticoid receptor (GR)
revealed a new mode of receptor dimerization (Bledsoe
et al. 2002; PDB id., 1M2Z), which is mediated by the
H2–H3 loop and several residues from b-strands 3 and 4
(Fig. 6B). Although not identical to our NGFI-B dimer
model, GR dimerization involves almost the same area on
the surface of the receptor (Fig. 6C). The structure-based
sequence alignment of NGFI-B, RXR, and GR reveals
that the RXR classical dimer interface area comprised by
H10 and H11 (Fig. 6D) is much more hydrophobic than
the corresponding part of NGFI-B (data not shown). On
the other hand, as one would expect, the novel interface
region, which includes the H2–H3 loop, is significantly
more hydrophobic in GR and NGFI-B structures as
compared to RXR.

To analyze the novel NGFI-B LBD dimer in the light of
available physiological information, we attempted to
investigate a putative mode of the receptor recognition
of its DNA response elements NBRE and NurRE.

The NGFI-B quaternary arrangement described here
leads to a reduction in the number of intermolecular
contacts at the dimerization interface, thus weakening the
NGFI-B dimeric assembly. The smaller dimerization inter-
face and weaker dimerization assembly of NGFI-B might
be of functional importance for monomeric binding to cog-
nate DNA elements NBRE, which would include molecular
contacts between a single NGFI-B DBD and NBRE either
in monomeric or dimeric receptor forms.

To propose a model for NGFI-B/NurRE interactions,
we decided to study distance constraints imposed by the
proposed NGFI-B dimer and the everted palindromic
element spaced by 10 base pairs (ER10). Using the
crystal structure of NGFI-B DBD complexed with a
single half-site DNA element (Meinke and Sigler 1999;
PDB id., 1CIT), we constructed a model of two symmet-
ric NGFI-B DBDs bound to ER10 (Fig. 7A). The distance
between the two C-terminal helices of NGFI-B DBD
motifs AT(G/A)(C/T)CA, spaced by 10 base pairs, in a
B-DNA double helix, is 6.7 nm. This value closely matches
the distance between the two N-terminal helices H1 in our
proposed model of the NGFI-B LBD dimer, which is
;6.9 nm (Fig. 7A). Given the fact that the C-termini
of DBDs will be fused with the N-termini of LBDs in a

Figure 4. Mass spectrum of NGFI-B after deconvolution. The smaller peak, with molecular mass (MW) of 31,126 Da, corresponds to

NGFI-B LBD monomers, and the higher peak corresponds to the dimers with MW of 62,103 Da.
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full-length receptor and allowing for slight positional
adjustments, the DBDs of NGFI-B will be perfectly
positioned to interact with ER10 in the context of the
NGFI-B LBD dimer. To compare these results with other
NR LBD and DBD/DNA structures, we analyzed the
crystal structures of RXR/RXR LBDs (Bourguet et al.
1995; PDB id., 1LBD) and ER:ER LBDs (Tanenbaum
et al. 1998; PDB id., 1A52) homodimers and their cor-
responding DBD pairs in complex with DNA response
elements (Schwabe et al. 1993; Zhao et al. 2000; PDB
ids., 1HCQ and 1BY4, respectively). The distance be-
tween the two N-termini (H1) of RXR LBD in dimer
arrangement is 3.6 nm (Fig. 7B). At the same time, the
separation of the C-terminal helices of RXR DBDs
complexed to DR-1 DNA response element is 3.7 nm.
Similarly, the distance between two N-terminal helices
H1 in the ER LBD symmetric dimer is 3.6 nm, compared
to the width of 3.4 nm between C-termini of ER DBDs
bound to the cognate inverted repeat IR-3 DNA response
element (three base pair spaced palindrome; Fig. 7C).
As expected, the distances between N-terminal parts of the
LBDs dimer match the distances between the correspond-
ing C-termini fragments of the DBDs positioned at the
cognate DNA response elements. This further strengthens
the notion that the proposed NGFI-B dimer model is well
suited for recognition of the widely spaced response
elements as the everted palindrome spaced by 10 base
pairs (NurRE; Philips et al. 1997a). Moreover, since the
novel dimerization interface, involving the H2–H3 loop
and part of H3, is on the opposite side of the LBD from
the classical dimerization interface (H10) observed in
RXR and ER, dimer formation of NGFI-B and GR will
involve exposure of a different surface area, such as of
a classical dimeric interface, for example. As a conse-
quence, the docking sites for coregulator proteins (core-
pressors and coactivators), have to be different from
those common for receptors dimerizing through the
classical interface (ER:ER, RXR:RXR, PPAR:PPAR,
RAR:RXR, and PPAR:RXR). This is consistent with the
notion of a novel coregulator surface found in NGFI-B
and constituted by the residues of H11 and H12 (Flaig
et al. 2005). Furthermore, the same surface docking sites
available for coregulator interactions might explain a
mutual influence of NGFI-B and GR in transcription
assays (Philips et al. 1997b). Indeed, GR repression of
NGFI-B–dependent transcription could stem from their
competition for common protein target (such as coregula-
tors).

It is tempting to speculate that the novel interface
revealed by the X-ray structure of GR and combined
SAXS H/D Ex analysis of NGFI-B presented here is not
restricted to these two receptors and represent a new
mode of NR dimerization, particularly as applied to the
NR subfamily 4A. Figure 5. (Legend on next page)
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Materials and Methods

Cloning, expression, and purification

The 735-bp sequence of the NGFI-B LBD gene domain (DNA
sequence corresponding to amino acids 319–564 in full-length
NGFI-B) was inserted into the pET28a(+) expression vector
(Novagen). The construct was checked by restriction enzyme
assay and transformed into chemically competent Escherichia
coli strain BL21 (DE3) cells. A single colony obtained on Luria-
Bertani (LB)–kanamicin plates was then selected and grown for
sequencing using an ABI PRISM 377 DNA Sequencer (AB
Applied Biosystems). The BL21 (DE3) cells containing the
recombinant vector were grown at 37°C in fresh LB medium at
a speed of 250 rpm until absorbance at 600 nm reached 1.0–1.2.
Induction was performed at 22°C for 6 h with 1.0 mM isopropyl-
b-D-thiogalactopyranoside (IPTG). Cells were then collected
by centrifugation, lysed by sonication, and purified by two
subsequent steps—affinity and size-exclusion chromatogra-
phy—using an ÄKTA HPLC system (Amersham Bioscience-
GE), resulting in satisfactory protein yields.

Circular dichroism and fluorescence spectroscopy

Circular dichroism spectra were acquired on a Jasco J-720
spectropolarimeter. The protein at a concentration of 0.13 mg/mL
was placed in a 1-mm path-length cuvette at room temper-
ature. Spectra were obtained in 5 mM phosphate buffer, pH 8.0,
1 mM DTT; the baseline spectrum (buffer alone) was subtracted
from the NGFI-B LBD spectra, and the results were expressed as
mean residue ellipticity [u] ¼ (u 3 MRW)(10 3 c 3 d), where u
is the observed ellipticity; MRW is the protein mean weight/
number of residues; d is the optical path length, in cm; and c is the
protein concentration, in mg/mL. The protein far-UV spectra were
recorded over a wavelength range from 190 to 250 nm by signal
averaging of 16 spectra.

The intrinsic fluorescence of NGFI-B LBD was measured in
a 10 mm 3 2 mm quartz cuvette at 25°C, using a K2
Multifrequency Phase Fluorometer (ISS). Emission spectra in
the range of 300 to 400 nm were recorded using an excitation
wavelength of 280 nm. The fluorescence emission spectra of
NGFI-B LBD at a concentration of 0.3 mg/mL were monitored
at a scanning rate of 1 nm and integration time of 1 s. After each
measurement the spectrum was corrected for buffer (10 mM
phosphate buffer, pH 8.0, 500 mM NaCl, 1 mM DTT) contri-
bution.

MS experiments

MS experiments were conducted using NGFI-B at 2.4 mg/mL
concentration in 50 mM ammonium acetate buffer with 20 mM
NaCl at pH 6.8. Mass spectra were collected with the intact
protein and with the protein after the pepsin cleavage. This
analysis was undertaken to verify the molecular weight of the
NGFI-B and to obtain the cleavage pattern of NGFI-B.

H/D Ex was started by the dilution of the protein in the
ammonium acetate buffer with 66% of D2O (pD 7.0) at 4°C, for
1 min. At the specific time, 80 mL of 10 mM phosphate buffer
was added to 100 mL deuterated proteins to quench the reaction
by lowering the pH to 2.5. Protein cleavage was performed by
pepsin addition (0.1 mg/mL diluted in phosphate buffer, pH 2.5)
for 10 min, at room temperature. The cleavage reaction was
halted by placing the protein on ice.

After addition of 30% acetonitrile, the samples—either the
entire protein or the peptides generated by peptic cleavage—
were immediately applied onto a Quattro II triple-quadrupole
mass spectrometer (Micromass), equipped with a standard ESI
source, to avoid back-exchange with solvent hydrogen. The pro-
tein mass and the fingerprint of NGFI-B were identified. Anal-
ysis of the displacement in peptide peaks identified the fragments
of the protein that had undergone H/D exchange. The software
program MS-Digest (http://prospector.ucsf.edu/prospector/4.0.8/
html/msdigest.htm) (Chalkley et al. 2005) was used to identify
the sequence of the peptic peptide ions, generated by pepsin
cleavage. The deuterium incorporation level for each peptide was
determined from differences in mass centroids between the
deutered and nondeutered fragments.

SAXS measurements and data analysis

SAXS data were collected at the small-angle scattering beam-
line on the LNLS (National Synchrotron Light Laboratory)
using multiwire proportional chamber with delay-line readout
(Gabriel and Dauvergne 1982). NGFI-B LBD at concentrations
1.5, 3, and 6 mg/mL was measured at a wavelength (l) of 0.148
nm for sample–detector distances of 732.1 mm covering the
momentum transfer range 0.1 < q < 3.4 nm�1 (q ¼ 4p sin Q/l,
where 2Q is the scattering angle). The scattering curves of the
protein solutions and the corresponding solvents were collected
in a number of short 100s frames to monitor radiation damage
and beam stability. The data were normalized to the intensity of
the incident beam and corrected for detector response. The
scattering of the buffer was subtracted, and the curves were
scaled by concentration. The Rg was approximated by using the
Guinier equation (Guinier and Fournet 1955) and GNOM

Figure 5. (A) Stereoview displaying the superposition of the low-

resolution model with dimer structures RXRa LBD (PDB id., 1LBD) (upper-

panel) and ERa LBD (PDB id., 1A52) (lower panel). The differences in

the dimers opening angles are apparent. (B) NGFI-B structure (Flaig et al.

2005; PDB id., 1YJEA) showing the regions protected during H/D Ex

experiments (in black): the H2–H3 loop, a fragment of H3, and a fragment

of H10. (C) Stereoview of superposition of the SAXS-derived DAM low-

resolution model of NGFI-B LBD dimer superimposed with the high-

resolution dimer observed in the NGFI-B LBD crystal, which obeys the

dimeric interface determined in H/D Ex experiments. The chosen NGFI-B

LBD dimer was adjusted as a rigid body to the X-ray scattering curves by

SASREF (Petoukhov and Svergun 2005).

Table 1. Structural parameters from SAXS data

Parameter/sample Expa DAMb Modc RXRa ERa

Rg (nm) 2.89 6 0.10 2.75 2.74 2.66 2.41

Dmax (nm) 9.00 6 0.50 9.16 9.70 9.44 7.72

Discrepancy, x — 1.14 1.14 1.37 1.98

Resolution (nm)d 3.14 3.14 — — —

a Exp, calculated from experimental data.
b Dummy-atom model (DAM) parameters with imposed twofold symmetry.
c Mod, parameters evaluated from the rigid-body modeling symmetrically
related NGFI-B LBD dimer.
d Resolution ¼ 2p/qmax.
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(Svergun 1992). The distance distribution functions p(r) were
also evaluated by the indirect Fourier transform program, and
Dmax was obtained.

Low-resolution particle shape was restored from the experi-
mental SAXS data using two independent ab initio procedures.
In the first approach, the particle shape was calculated from the
SAXS data using a procedure implemented by SASHA (Svergun
et al. 1996, 1997). The envelope was represented with spherical
harmonics up to L ¼ 3 (16 independent parameters), without
symmetry restrains. This was justified by the fact that the portions
of the scattering curves used for ab initio shape determination
using the envelope functions contained Ns ¼ 6.1 Shannon
channels. The particle shape was also calculated from the SAXS
data using procedure implemented by GASBOR (Svergun et al.
2001). DAMs are generated by a random-walk Ca chain and are
folded to minimize a discrepancy between the calculated scatter-
ing curve from the model and the experimental data.

Several runs of ab initio shape determination with different
starting conditions lead to consistent results as judged by the
structural similarity of the output models, yielding nearly identical
scattering patterns and fitting statistics in a stable and self-
consistent process. The final shape restoration was performed using
650 dummy residues assuming P2 molecular symmetry.

Using the allowed space-group symmetry operations for the
X-ray structure of NGFI-B LBD (Flaig et al. 2005; PDB id.,
1YJE), all the symmetry-related molecules were calculated,
resulting in six possible dimer conformations. Simulated scat-
tering curves were obtained for all of these NGFI-B LBD dimer
models, for RXRa LBD (Bourguet et al. 1995; PDB id., 1LBD)
and for ERa LBD (Tanenbaum et al. 1998; PDB id., 1A52) by
CRYSOL (Svergun et al. 1995). Radii of gyration (Rg), max-
imum intraparticle distances (Dmax), and discrepancy parameter
(x) were computed by the same program. The conformation of
the putative NGFI-B LBD dimer with the intermolecular surface

Figure 6. Dimers of NGFI (A) and GR (B), with the polypeptide fragments that participate in the dimer contacts shown in black. (C) Superposition of

NGFI-B (in gray) and GR (in black) displaying a similar dimerization interface, involving the H2–H3 loop. (D) Classical dimerization interface,

exemplified by the RXR dimer, is distinct from the novel dimerization area identified for NGFI-B and GR.
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identified in MS experiments was adjusted against SAXS data
with the program SASREF (Petoukhov and Svergun 2005). The
contact between two symmetrically positioned tryptophane
residues (Y383) was maintained during this fitting procedure.
SUPCOMB (Kozin and Svergun 2001) was used to superimpose
crystallographic structures with ab initio DAMs.
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