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Abstract

A newly discovered negative glucocorticoid response element (nGRE) mediates DNA-dependent
transrepression by the glucocorticoid receptor (GR) across the genome and plays a major role in
immunosuppressive therapy. The nGRE differs dramatically from activating response elements
and the mechanism driving GR binding and transrepression is unknown. To unravel the
mechanism of nGRE-mediated transrepression by the glucocorticoid receptor, we characterize the
interaction between GR and a nGRE in the thymic stromal lymphopoetin (TSLP) promoter. We
show using structural and mechanistic approaches that nGRE binding represents a new mode of
sequence recognition by human GR and that nGREs prevent receptor dimerization through a
unique GR-binding orientation and strong negative cooperativity, ensuring the presence of
monomeric GR at repressive elements.

The glucocorticoid receptor (GR) is a ubiquitously expressed vertebrate nuclear receptor that
controls the transcription of genes critical for metabolism, immunity, development, and
responses to stress'-3. Glucocorticoids, widely prescribed for their powerful
immunosuppressive and anti-inflammatory properties?, drive the both the transactivation
and transrepression of GR target genes, with transactivation of target genes slightly more
prevalent than repression®. Therapeutically beneficial GR-mediated immunosuppression is
thought to occur primarily through indirect or “tethered” DNA-independent interactions of
GR with other transcription factors such as NF-kB8 and Stat37 to repress pro-inflammatory
genes®. In contrast, side effects of glucocorticoids are often attributed to direct gene
activation®. Recently, a new role for direct, DNA-dependent transrepression by GR was
discovered through the identification of widely-prevalent negative glucocorticoid response
elements (NnGREs)10. These elements differ in sequence from activating glucocorticoid
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response elements ((+)GRES) and selectively recruit the corepressors NCoR and SMRT to
the promoters of nGRE-containing genes upon GR binding1?. Functional nGRES have been
identified within hundreds of promoters, including many key inflammatory and metabolic
genes!O. Furthermore, nGRE-containing genes such as insulin, the insulin receptor, and
Bcl-2 are implicated in side effects associated with glucocorticoid therapy?. Identifying the
repressive mechanism of GR at nGRE-containing genes may support the quest for
dissociated GR ligands that separate beneficial effects of glucocorticoid agonists from their
side effects.

Numerous mechanistic studies have shown that GR transactivation requires the presence of
(+)GREs which allosterically mediate GR binding, recruitment of coactivators, and
transcription11:12, These elements contain two inverted repeat AGAACA sequences
separated by three nucleotides, with bold residues critical for GR binding®3. The three
nucleotide spacing between half-sites is strictly required to preserve dimerization potential
of GR on the element4. In contrast, the nGRE consensus sequence, CTCC(n)o.,GGAGA,
differs dramatically from activating sequences. The spacing required in the nGRE is
variable, ranging from 0-2 nucleotides, suggesting that GR dimerization may not be
necessary for nGRE-mediated transrepression.

Given the radically different sequence and organization of nGREs, it is unclear how GR
binds to this element to repress the vast array of nGRE containing genes. To unravel the
mechanism of nGRE-mediated transrepression by the glucocorticoid receptor, we
characterize the interaction between GR and a nGRE in the thymic stromal lymphopoetin
(TSLP) promoter. This nGRE, 850 base pairs upstream of the TSLP transcription start site,
mediates the reduction of TSLP mRNA levels by 50 % in response to GR agonists1®. TSLP
regulates many critical immune processes'>-17 and is implicated in disorders such as atopic
dermatitis, asthma, irritable bowel syndrome, and arthritis18-22, Using this prototypical
nGRE, we employ structural, biochemical, and cellular approaches to demonstrate that two
GR monomers bind nGREs in an everted repeat orientation with strong negative
cooperativity. When combined, the unique GR conformation and negative cooperativity,
ensures the presence of monomeric GR at nGRES. This interaction mechanism represents a
new mode of GR-DNA binding and a new paradigm for GR transrepression.

NGRE binding displays negative cooperativity

To initially characterize the affinity of GR for nGREs, we compared binding of
recombinantly expressed glucocorticoid receptor DNA binding domain (DBD) to
fluorescently-labeled activating and repressive GR response elements. The canonical
(+)GRE, contains two nearly-identical inverted GR binding sites separated by 3bp which
enables cooperative DNA binding and dimerization. We found that GR binds these elements
with a K4 of 73 nM and a Hill slope of 1.4, indicating the expected positive cooperativity
(Fig. 1a, Table 1). However, when testing GR binding to the TSLP nGRE, we observed a
dramatically different binding curve, which qualitatively appeared as a two-site binding
event (Fig. 1a).
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To test the superiority of a two-site binding model for GR-nGRE interactions, we performed
an extra-sum-of-squares F-test comparing a two-site binding event with a cooperative one-
site binding event (Table 1). We found that the TSLP nGRE contains two distinct binding
sites (p <.0001) with Kgs of 363 nM and 63 uM. To establish this as a property of all
NGREs, we confirmed this result on other nGREs from promoters of genes such as insulin
and FGFR3 (Fig. 1b, Table 1). We found that relatively weaker binding of GR to nGRESs
compared to (+)GREs appears to be a general feature of nGREs and mirrors the affinity of
GR for a canonical (+)GRE half-site (Table 1). While high-affinity site binding affinity was
relatively constant among nGREs, affinity of the second site varied considerably, suggesting
that flanking sequence of the low-affinity site may affect its ability to recruit GR.

Structure of the repressive GR DBD-nGRE complex

GR binds to

To discover the structural basis for this unusual mechanism of binding, we solved the crystal
structure of the GR DNA binding domain (DBD) in complex with the TSLP nGRE to a
resolution of 1.9 A (Table 2). Surprisingly, the crystal structure showed two GR monomers
bound to non-identical everted sites in a head-to-tail fashion, separated by 1 bp as
predicted’ (Fig. 1c). In this orientation, the dimerization loop (or D-box) of each GR
monomer is directed away from the other monomer and rotated by 180° around the DNA
axis (Fig. 1c), abrogating the opportunity for DBD-mediated GR dimerization. In contrast,
GR binds (+)GREs in a head-to-head orientation on the same side of DNA, allowing
cooperative binding and dimerization (Fig. 1d). The everted repeat conformation found in
the nGRE ensures monomeric binding by preventing DNA-mediated GR dimerization and
may explain the element’s repressive character since monomeric GR is associated with gene
repression23. To our knowledge, this unexpected everted repeat nuclear receptor-DNA
binding geometry has been previously described only in the thyroid and retinoic acid
receptors24:25,

NGREs as two monomers at nonequivalent sites

Based on the identification of low- and high-affinity sites in our GR-nGRE binding data, we
hypothesized that each nGRE-bound GR monomer may make different contacts with DNA,
resulting in differing affinities of each monomer for its binding site. Indeed, each of the two
bound monomers uses different amino acid side chains to make base-specific contacts. One
GR monomer makes three base-specific contacts, whereas a second monomer contacts only
one base in a specific fashion (Supplementary Fig. 1). To assist in the determination of the
high- and low-affinity sites, we used the PISA server® to identify free energy gains from
GR monomer—DNA interactions. The first DNA-monomer interaction, with three specific
contacts, has a very favorable free energy change upon formation of the interface (AG =
-9.5 kcal/mol). The second monomer shows a AG of only —5.9 kcal/mol, identifying the
former site as the likely high-affinity site.

This suspected high-affinity GR DBD-nGRE DNA interaction involves three base specific
contacts within the major groove (Fig. 2a): Val443 makes hydrophobic contacts with
cytosine 846 and thymine 847 and Lys442 donates a hydrogen bond to N7 of guanine 849.
Mutation of this guanine to adenine increases the Kq of GR for the high affinity site,
confirming the identity of the high-affinity GR binding site (Table 1). In a previous study,

Nat Sruct Mol Biol. Author manuscript; available in PMC 2013 July 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hudson et al.

Page 4

the identical mutation ablates the repressive ability of the mouse TSLP nGREZ. Likewise,
mutation of Lys442 significantly diminishes nGRE binding (Table 1). Unlike its DNA-
reading function in (+)GRE structures, the Arg447 side chain is prevented from making
base-specific contacts due to a steric clash with thymine 845 (Fig. 2b). The repositioned
Arg447 instead make hydrophobic interactions with this base and ionic interactions with the
cytosine 844 backbone phosphate. Mutation of thymine 845 to guanine, which would permit
the “active” conformation of Arg447, abrogates transrepressionl. The low-affinity GR
DBD-DNA interaction involves only one sequence-specific contact: Arg447 contacts
guanine 856, outside the nGRE consensus sequence (Supplementary Fig. 1a). Mutation of
guanine 856 does not affect GR binding to the high-affinity site (Table 1), and Lys442 and
Val443 do not sufficiently penetrate the major groove to facilitate sequence-specific DNA
contacts (Supplementary Fig. 1b). As a result, the DNA major groove at the low-affinity site
contains more waters than the high-affinity site. Recognition of the nGRE high-affinity site
requires a more specific contacts and a greater hydrophobic interaction surface than either
the low-affinity nGRE site or (+)GRE sequences, as confirmed by PISAZS,

Taken together, these data demonstrate the mechanism by which GR recognizes the GGAG
within the high-affinity nGRE binding site (Fig. 1¢), and explains the strict conservation of
one of these GGAG motifs present in the nGRE consensus1?. The role of the low affinity
GR site within the nGRE remains unclear. Despite an identical GGAG sequence present at
the low-affinity site, GR binds this site very weakly (Table 1). The low affinity site is far
more resistant to mutation than the high-affinity site, yet spacing between the low- and high-
affinity sites affects both GR binding and transrepression (ref. 10, Table 1).

DNA-mediated allostery differs between activating and repressive GR response elements

Recent work comparing several GR — (+)GRE crystal structures demonstrated that DNA
serves as an allosteric modulator of GR activity where the binding of the first GR monomer
relays conformational information through DNA to promote the second binding event
ultimately driving transactivation by favoring coactivator recruitment!2:27. This positive
cooperativity is so strong that detection of the intermediate state (monomeric GR on DNA)
is often difficult?8. In contrast, we found that GR binding to the TSLP nGRE exhibits
unusually strong negative cooperativity, where binding of the first GR monomer impedes
binding of the second (Supplemental Note, Supplementary Fig. 2). The GR nGRE complex
also exhibits a different DNA shape than (+)GREs, with a narrow major groove compared to
the average of 11 GR DBD structures solved!2 in complex with 16 bp (+)GRE DNA
constructs (Supplementary Fig. 3). B-factor analysis also reveals that nGRE and (+)GRE
DNA undergo dramatically different structural perturbations upon GR binding
(Supplementary Fig. 3). On (+)GREs, GR binding drives a constriction of the minor groove
to facilitate direct protein protein contacts. In contrast, the GR nGRE interaction forces a
narrower major groove and wider minor groove, which opposes the binding of a second GR
monomer (Supplementary Fig. 3). Since monomeric GR is linked with transcriptional
repression?3, negative cooperativity may reinforce the repressive character of the nGRE.
Alternatively, since recruitment of coactivators by steroid receptors may depend on
cooperative binding on DNA response elements2’, non-cooperative mechanisms of DNA
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binding may allow DNA-sensitive domains of GR to adopt alternate, repressive
confirmations.

For example, the “lever arm,” which immediately follows the DNA reading helix, has been
identified as being the critical structural motif sensitive to sequence-dependent
conformational changes on (+)GREs2. When bound to a nGRE, these lever arm residues
adopt a distinct conformation compared to (+)GRE-bound GR (Fig. 2c, 2d). Specifically,
His453 adopts a “flipped” conformation in both monomers, interacting with Arg447 and
Tyr455 rather than the “packed” conformation critical for activation from (+)GRE-
containing promoter elements (Fig. 2d, Supplementary Fig. 4). The loss of sequence-specific
contacts by Arg447 in the nGRE allows His453 to be stabilized in a “flipped” conformation
by both a hydrogen bond and van der Waals contact from the repositioned Arg447
(Supplementary Fig. 4). Repositioning of Arg447 also eliminates half of a helical turn of the
DNA reading helix, supporting the “flipped” conformation of the lever arm (Fig. 2d). The
lever arm is the most dynamic portion of the GR DBD, with B-factors significantly higher
than other regions of the protein, yet these residues display good electron density. This
modulation of the lever arm by sequence-specific contacts illustrates the pivotal role of the
lever arm in receptor activation and confirms the allosteric ability of DNA to drive receptor
activation and repression.

Dimerization competes with nGRE binding and transrepression

Our structure and model of nGRE action predict that receptor dimerization opposes nGRE
binding and therefore interferes with direct transrepression. Recent work has indicated that
GR is unique among steroid receptors in that it exhibits no reversible self-association?® and
is dependent on receptor-DNA interactions for dimerization3%31, To examine the effects of
altered dimerization surfaces on nGRE binding and repression, we used two well-
characterized GR mutants: A458T, often called the GRdim mutant, which is unable to
support most glucocorticoid mediated gene activation, (+)GRE binding, or direct DNA
repression in vivol?, and a double mutant containing the R460D and D462R mutations
(R460D D462R), which has been shown to reduce GR dimerization and decrease activation
of multiple (+)GREs32. Notably, this mutation was previously found to potentiate repression
of Bcl-233, which was recently shown to harbor a consensus nGRE within its promoter20.

The A458T mutant bound to a (+)GRE in a clear 2-site binding event (Table 1), indicating a
loss of cooperativity on this element. In this way, binding of the A458T mutant to (+)GREs
strongly resembles binding of WT GR to nGREs. The R460D D462R mutant showed
similar DNA binding as WT to (+)GRE sequences. Next, we tested each of these mutants for
binding to nGREs. The A458T mutation differentially affected binding to each of the GR
binding sites on the TSLP nGRE, improving low-affinity site binding but decreasing high-
affinity site binding (Table 1). The net effect of this mutation is to decrease the affinity of
GR for nGREs by 500 %, to nearly 3 M. In contrast, the R460D D462R mutation improved
binding at both sites on the TSLP nGRE. We then tested the ability of each variant to repress
a reporter containing a constitutively active luciferase gene preceded by the nGRE-
containing region of the TSLP promoter, as performed previouslyl9. In line with our in vitro
binding data, the A458T showed a modest ability to repress luciferase expression
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(Supplementary Fig. 5). Strikingly, the R460D D462R mutation was a more potent repressor
of luciferase activity than WT GR (Fig. 3a). To observe the effects of this mutant on the GR
dimerization interface, we solved the crystal structure of the GR R460D D462R mutant
bound to the TSLP nGRE (Fig. 3b, Table 2). The structure of the R460D D462R mutant
shows a less favorable dimerization interface (Fig. 3c—e), suggesting that the superior
binding and repressive potential of the GR R460D D462R mutant is indeed due to decreased
dimerization efficiency.

DISCUSSION

The glucocorticoid receptor controls the transcriptional activation and repression of
thousands of genes. Multiple regulatory levels are required to achieve a coordinated
response, including epigenetic and mRNA regulation, posttranslational modification,
circadian rhythms, ligand availability, and target DNA sequence accessibility and
binding13:34-37 Here, we demonstrate that DNA-binding orientation and sequence-specific
contacts control repression of negative GR response element-containing genes. GR binds to
these nGREs in a head-to-tail, rotated conformation that prevents DNA-mediated
dimerization, in contrast to the DNA-mediated dimerization found on activating GR-binding
sites. These unique nGRE sequences alter the conformation of GR residues critical for
transcriptional activation, further illustrating the importance of DNA as an allosteric
modulator of receptor activity.

A similar mechanism of allosteric modulation between repressive and activating response
elements has been demonstrated with the transcription factor Pit-1. Like GR, Pit-1 is
monomeric in solution and dimerizes in a DNA-dependent manner38, Pit-1 differentially
represses and activates transcription of target genes based on spacing between DNA
response elements, and this difference in DNA sequence allows recruitment of NCoR to
repressive Pit-1 elements3. However, Pit-1 maintains similar protein-DNA contacts at both
repressive and activating elements; repressive elements differ in that they contain two
additional, conserved residues between half-sites3®. Further, Pit-1 homodimerizes in both
the transactivating and transrepressive complexes. In contrast, we demonstrate that nGRES
have evolved to recognize GR using a new set of sequence specific criteria favoring
monomeric binding over the cooperative binding observed in (+)GREs. This altered
sequence generates a novel high-affinity GR binding site and affects the conformation of GR
residues, such as His472, which are critical for receptor activation!2. The comparison
between Pit-1 and GR gives an excellent example of how different transcription factors
adopt activating and repressive conformations via contrasting mechanisms. It is possible that
other transcription factors have alternate DNA response elements that may differentially
affect their function. Notably, the other 3-keto steroid receptors (the androgen,
mineralocorticoid, and progesterone receptors) can recognize (+)GREs, but it is currently
unknown whether these receptors can bind or mediate repression from nGREs.

In general, GR-dependent activation requires DNA-mediated receptor dimerization. We
confirm that the GR dim mutation, A458T, ablates DNA-mediated cooperative binding to
(+)GREs. Despite this, the GRdim mutation does not actively repress (+)GRE containing
genes (e.g. it does not convert a (+)GRE into a repressive element), suggesting that the
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GRdim mutant is either incapable of stably binding (+)GRES as a monomer in vivo or that
the presence of monomeric GR at (+)GRE elements is not sufficient for corepressor
recruitment. This indicates that the nGRE sequence may be specific not only for monomeric
binding of GR but also for arranging the receptor into a repressive conformation. The lever
arm, previously implicated in receptor activation status!2, adopts a distinct conformation in
the nGRE-bound structures reported here, suggesting that it plays a critical role mediating
not only GR transactivation but also transrepression.

Widespread clinical use of glucocorticoids has fueled the search for dissociated compounds,
capable of minimizing side effects without compromising their anti-inflammatory function.
One such GR ligand, Compound A (CpdA), has been shown to inhibit GR dimerization and
consequently transactivation from (+)GRE containing genes??, yet still supports the
transrepression of nGRE-containing genes such as POMC*1:42, Thus, if the major effect of
CpdA is to disrupt dimer formation, it is now clear why CpdA permits transrepression from
nGREs while preventing transactivation, suggesting that the opposing effects of direct,
DNA-dependent transrepression and transactivation are mediated by the dimerization status
of the receptor.

Online Methods

Protein expression and purification

The DNA binding domain (DBD) of human glucocorticoid receptor (GR) alpha (residues
417-506, accession ADP91252) was cloned with a 6X-Histidine tag into the pMCSG7
vector. The DBD was expressed in BL-21(DE3)pLysS E. coli and induced with 0.3 mM
IPTG for four hours at 30 °C. Cells were lysed in 1 M NaCl, 20 mM Tris-HCI (pH 7.4), 25
mM imidazole, and 5 % glycerol via sonication. Protein was purified via affinity
chromatography (HisTrap) followed by TEV protease cleavage and dialysis to 100 mM
NaCl, 20 mM Tris-HCI (pH 7.4), and 5 % glycerol. The DBD and affinity tag were
separated by affinity chromatography (HisTrap), and further purified by gel filtration. For
storage, protein was concentrated to 4 mg/ml, flash frozen in liquid N, and stored at -80 °C.
Mutations were made using the QuikChange Site-directed Mutagenesis kit (Stratagene).

Nucleic acid binding assays

Synthesized nucleic acid duplexes (Integrated DNA Technologies) were annealed in 10 mM
NaCl, 20 mM Tris-HCI pH 8.0 by heating to 90 °C and slow cooling to room temperature.
Fluorescence polarization was used to detect the formation of DBD-nucleic acid complexes.
Indicated amounts of DBD were added to wells containing 10 nM of 6-FAM-Ilabeled nucleic
acids (Table 1). Reactions were performed in 200 mM NaCl, 20 mM Tris-HCI (pH 7.4), 5 %
glycerol and measured with a Biotek Synergy plate-reader at an excitation/emission
wavelength of 485/528 nm.

For each binding experiment, an F-test was used to compare a 2-site binding event to a one-
site binding event with Hill slope, generating an F-statistic and p-value for a 2-site binding
model. In table 1, these F-statistics (with numerator and denominator degrees of freedom)
and p-values are shown in addition to K4 values for the low and high affinity DNA binding
sites, and the coefficient of determination (r2) of the applicable fit. Complexes are with WT
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GR DBD unless otherwise noted, and Graphpad Prism 5 was used for binding data analysis
and graph generation. Nucleotide sequences used in binding experiments are shown in
Supplementary Table 1.

Reporter gene assays

A 400 bp region of the TSLP promoter surrounding the nGRE
(chr5:110,406,332-110,406,745; GRCh37) was cloned between an SV40 enhancer and
promoter upstream of firefly luciferase, similar to the construct described previously0. 50
ng of this construct, indicated amounts of receptor, and 1ng of constitutively active renilla
luciferase were transfected with FuGene HD (Promega) in OptiMEM (Invitrogen) into HeLa
cells cultured in AlphaMEM (Invitrogen) supplemented with 10 % charcoal stripped FBS
(PAA). 24 hours after transfection, cells were treated with 1 uM dexamethasone, and after
18 hours, firefly and renilla luciferase were measured with the Dual-Glo assay system
(Promega) on a Biotek Synergy plate-reader. Firefly luciferase activity was normalized to
renilla luciferase for each well, and levels of all treatments were normalized to cells
transfected only with the constitutively active nGRE construct and not treated with
dexamethasone. An asterisk indicates p < 0.01 by ANOVA with Tukey’s multiple
comparison test.

Structure determination

Crystals of the GR DBD-TSLP nGRE complex were grown by hanging-drop vapor diffusion
in 15 % PEG 20000, 6 % glycerol, 7.5 % ethanol, and 0.1M HEPES (pH 7.5) with a protein
concentration of 3.5 mg/ml and a 2:1 protein:DNA molar ratio. Crystals were cryoprotected
in crystallant with 20 % PEG 20000 and 20 % glycerol and flash-frozen in liquid N».
Crystals of the GR DBD R460D D462R-TSLP nGRE complex were grown by hanging-drop
vapor diffusion in 15 % PEG 2000 MME, 6 % glycerol, and 0.1M HEPES (pH 7.5), with a
protein concentration of 3.5 mg/ml and a 2:1 protein:DNA molar ratio. These crystals were
cryoprotected in crystallant with 25 % PEG 2000 MME and 20 % glycerol, and flash-frozen
in liquid N,. Data were collected at 100 K and a wavelength of 1.00 A at Southeast Regional
Collaborative Access Team (SER-CAT) at the Advanced Photon Source (Argonne, IL) and
processed using the HKL-2000 software. The structures were phased via molecular
replacement using previously-solved structures? of the GR-GRE complex in Phenix*3. The
structure was refined with phenix.refine#3 and model building was performed in COOT#4.
99 % of residues are Ramachandran favored or allowed regions for both the WT GR and
R460D D462R structures, respectively, with 1 % outliers in both structures. Pymol was used
to visualize the structure and generate figures*>. 3DNA was used to analyze nucleic acid
groove widths*6. Amino acids are numbered according to the human GR sequence
(ADP91252). Bases are numbered by position upstream of the TSLP (NM_033035)
transcription start site, which is an additional 199 nt upstream of the translation start site
(CCDSs4101).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The glucocorticoid receptor interacts with negative glucocorticoid response elements in
a unique orientation preventing receptor dimerization

(a) GR binding to the TSLP nGRE is a two-site binding event with a lower Ky than
cooperative GR binding to (+)GREs. (b) Additional human nGREs as well as the mouse
Tslp nGRE show a similar binding profile with two GR binding sites and affinities
comparable to the TSLP promoter. Binding data are represented as mean + s.e.m from three
replicates from at least two independent fluorescence polarization experiments. (c) Overall
structure of GR DBD (blue) in complex with the TSLP nGRE (gray). Bases comprising the
GR binding sites are in black, and Zn2* is depicted as gray spheres. The GR dimerization
interface (red) of each GR monomer is oriented away from the second monomer in an
everted repeat conformation. (d) GR binds to a (+)GRE as a dimer in an inverted repeat
conformation, enabling contact between dimerization loops (PDB 3FYL)12.
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Figure 2. GR employs unique interactions to recognize the high-affinity site within nGREs
(a) Close up view of the high-affinity GR-TSLP nGRE interaction with side chains and

nucleotide depicted as sticks (O, red; N, blue). Hydrogen bonds and van der Waals
interactions are represented by red and black dashed lines, respectively. Three base-specific
contacts are present between GR and the high-affinity nGRE binding site. Val443 makes
two hydrophobic contacts, and Lys442 donates a hydrogen bond to guanine 849. (b) Arg447
makes unique non-specific interactions with DNA at the high-affinity nGRE binding site. In
contrast, Arg447 makes base-specific contacts with a guanine base when bound to a (+)GRE
(orange; PDB FYL)12, ¢) 2F,-F; electron density (blue mesh) contoured at 1o showing the
conformation of the lever arm residues in TSLP nGRE-bound GR alone and (d)
superimposed on (+)GRE-bound GR (orange).
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Figure 3. The R460D D462R mutant reduces receptor dimerization, enhancing GR-mediated
transrepression at theTSLP nGRE

(a) Transfection of the R460D D462R mutant in HeLa cells potentiates downregulation of a
constitutively active TSLP promoter compared to WT GR (5 ng each). Data are represented
as the mean = s.e.m of two independent experiments with five internal replicates each. (b)
Superposition of GR (blue) and the GR R460D D462R mutant (magenta) bound to the TSLP
NGRE (gray). (c) When bound to a (+)GRE element, Arg460 and Asp462 form two
intermolecular salt bridges (red dashes) across the homodimer interface (PDB 3FYL). In the
GR nGRE structure, crystal-packing interactions require the formation of a pseudo-
continuous DNA helix and promote the formation of a pseudo-GR dimer across a two-fold
symmetry axis (d). These interactions are necessary for crystal formation, but are not
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possible in solution-based binding assays. The R460D D462R mutation () ablates key
dimerization contacts between GR monomers, disrupting symmetry-imposed dimerization
contacts.
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Data collection and refinement statistics.

Table 2

GR DBD-TSLPnGRE GR DBD R460D D462R - TSLP nGRE

Data collection

Space group

Cell dimensions
ab,c(A)

a, f,y(°)

Resolution (A)

Reym O Rmerge
1ol
Completeness (%)
Redundancy
Refinement
Resolution (A)
No. reflections
Rwork / Reree
No. atoms
Protein
DNA
Water
B-factors
Protein
DNA
Water
R.m.s. deviations
Bond lengths (A)
Bond angles (°)

P2,2:2;

39.3, 96.6, 104.0
90.0, 90.0, 90.0

*

1.9 (1.97 - 1.90)
8.5 (54.5)
26.7 (2.2)
99.7 (98.4)

6.3(4.2)

1.90
31815
20.7/235

1115
650
204

39.7
56.5
44.7

0.007
1.15

P2,2:2;

38.7, 87.9, 103.2
90.0, 90.0, 90.0

2.55 (2.64 — 2.55)"
9.8 (37.7)
15.7 (2.8)
96.9 (83.3)
37(28)

2.55
11685
19.5/24.8

1110
650
33

32.6
45.5
30.2

0.013
1.78

*
Data collected from a single crystal; values in parentheses are for highest-resolution shell.
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