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In addition to guiding proteins to defined genomic loci, DNA can
act as an allosteric ligand that influences protein structure and
activity. Here we compared genome-wide binding, transcriptional
regulation, and, using NMR, the conformation of two glucocorti-
coid receptor (GR) isoforms that differ by a single amino acid
insertion in the lever arm, a domain that adopts DNA sequence-
specific conformations. We show that these isoforms differentially
regulate gene expression levels through two mechanisms: differ-
ential DNA binding and altered communication between GR
domains. Our studies suggest a versatile role for DNA in both
modulating GR activity and also in directing the use of GR isoforms.
We propose that the lever arm is a "fulcrum” for bidirectional allo-
steric signaling, conferring conformational changes in the DNA
reading head that influence DNA sequence selectivity, as well as
conferring changes in the dimerization domain that connect func-
tionally with remote regulatory surfaces, thereby influencing
which genes are regulated and the magnitude of their regulation.

alternative splicing | steroid hormone receptor | sequence motifs

he glucocorticoid receptor (GR) is a nuclear hormone re-

ceptor (NR) that integrates multiple cellular signals to reg-
ulate the expression of cell-type—specific target genes. Hormone
binding to the GR ligand binding domain (LBD) induces con-
formational changes that facilitate interactions with cofactors
and translocation to the nucleus, where it associates with specific
genomic sequences via the DNA binding domain (DBD) (1).
The majority of transcriptional cofactor interactions have thus
far been mapped to activation functions 1 and 2 (AF1 and AF2)
domains, which lie N terminal and C terminal to the DBD, re-
spectively (2). The combinatorial assembly of different regula-
tory complexes (3) determines the magnitude and even the
direction (activation or repression) of GR’s activity at individual
target genes.

The GR binding sequence (GBS) is an unexpected source of
regulation. Previously, DNA was thought to only attract GR to
genomic loci. However, sequence variations within the GBS
confer additional information to the receptor by altering specific
or nonspecific contacts with DNA (4, 5) that change the con-
formation and activity of associated proteins. This indicates
a role for binding sequence beyond affinity (5, 6). The changes in
activity can be profound, as studies (7-9) suggest that distinct
recognition sequences can instruct GR to act as either a tran-
scriptional activator or a repressor. Sequence-specific structural
changes are apparent in a region of the DBD termed “the lever
arm” and in the DBD dimer interface (5, 7, 10). How sequence-
specific structural changes in the DBD are transmitted to GR
activation domains to specify GR activity is largely unknown.

Nonetheless, allosteric communication between receptor
domains has been demonstrated in GR and other NRs (11-15).
Notably, depending on the precise DNA sequences bound by reti-
noid X receptor (RXR)-vitamin D receptor (VDR) heterodimers,
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distinct domains outside of their DBDs adopt alternative con-
formations or changed dynamics, indicative of long-range allosteric
communication (11). Further, ligand binding to the LBD of either
NR in the heterodimer influenced the hydrogen/deuterium ex-
change (HDX) of the VDR DBD, indicating that allosteric
communication between LBD and DBD can occur in both
directions and that conformational changes can be propagated
between dimer partners (10, 11). These observations highlight how
several inputs are structurally integrated between distinct func-
tional domains to define the function of multidomain tran-
scriptional regulatory factors.

To understand how DNA sequence-specific structural changes
originating in the DBD might define the gene-specific function of
GR, we focused on the GR lever arm (residues 469-474; all
numbering refers to rat GR), which links the DNA binding
surface of GR to the dimerization interface. We compared two
naturally occurring isoforms, GRa and GRy, which differ by
a single arginine insertion after position 471 in the lever arm
(Fig. 14). GRy is present at 5-10% of GRa levels and is con-
served in all mammals examined including platypus (16), which
is estimated to have diverged from humans more than 200 million
y ago (17). Although it has been correlated with glucocorticoid
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Fig. 1. Comparison of gene regulation and genomic binding by GRa and
GRy. (A) Domain structure highlighting the DNA binding domain and the
inserted arginine in the lever arm of GRy. Overlay of structures of GRa [red,
Protein Data Bank (PDB) ID code 3G6U] and GRy (blue, PDB ID code 3G6T) is
shown. (B) Cells were treated for 3 h with 1 uM dexamethasone (dex) and
isolated RNA was hybridized to microarrays. Shown are the log? fold
changes upon dex treatment for probes that are either GRa specific: red,
GRy specific: blue, or nondifferential: black. Gray points correspond to probes
that did not reach both of the chosen thresholds for significance (log® fold
change >1.5 and adjusted P value <0.05). (C, Left) Venn diagram showing
overlap between GRa and GRy binding regions identified by ChiIP-seq. (Right)
Schematic diagram depicting the three classes of genomic binding: non-
differential (purple), GRa specific (red), and GRy specific (blue). (D) Isoform-
specific genomic binding. U20S cells stably expressing GRa or GRy were
treated with dex (100 nM) for 90 min. Chromosomal GR binding for (Upper)
IGFBP1, and (Lower) ADRB2 is shown as UCSC genome browser screenshot for
the ChIP-seq data (Left) or as quantified by ChIP and RT-gPCR (Right). Fold
enrichment relative to ethanol vehicle control +SEM is shown (n = 3).

resistance (18), the physiological role of GRy is unclear. The
additional amino acid is a consequence of alternative splicing
in which either one of two overlapping 5’ splice donor sites is
used, resulting in the facultative inclusion of an arginine in the
lever arm (Fig. 14) (16). Previous studies have shown that the
insertion does not prevent DNA binding or radically change
the overall fold of the DBD, but instead specifically alters the
lever arm’s ability to influence GR activity in a context-de-
pendent manner (5).

We reasoned that the structural changes induced by the argi-
nine insertion in the lever arm would allow us to study its role in
transmitting signals from the DNA to the rest of the protein.
Here, we compared the transcriptional programs induced by
these two isoforms using microarrays and the genomic locations
by chromatin immunoprecipitation followed by deep sequencing
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(ChIP-seq). Further, a combination of structural (NMR) and
reporter assays was used to study how information is transmitted
from the DNA:protein interface to remote domains of GR to
shape the transcriptional responses of individual target genes.

Results

Transcriptional Regulation and Genomic Binding by GRax and GRy.
Glucocorticoid-induced gene regulation was measured by human
exonic evidence-based oligonucleotide (HEEBO) microarrays from
clonal lines expressing either GRa or GRy (5). The genes regulated
by GRa and GRy fell into three classes: similarly regulated, the
largest subset with 94% of genes (2,261); GRa specific (71 genes,
3%); and GRy specific (67 genes, 3%, Fig. 1B and Dataset S1). The
latter two categories include genes that were either isoform specific
or regulated by both isoforms but significantly stronger for one (Fig.
1B). We confirmed the isoform-specific gene regulation of a subset
of genes by quantitative real-time PCR (qPCR) (Fig. S14 and
Table S1) (5). For each of the genes presented, isoform-specific
regulation was confirmed in additional clones derived from the
same line.

To determine whether insertion of a single amino acid had an
effect on GR occupancy, we performed ChIP-seq of GRa and
GRy in the same U20S osteosarcoma cell lines. Consistent with
our gene regulation observations, GR binding regions (GBRs)
for GRa and GRy were remarkably similar (nondifferential:
38,896/41,201; 94%), although a small portion of isoform-
specific binding was observed (831/41,201; 2% GRa specific
and 1,474/41,201; 4% GRy specific, Fig.1C). We defined dif-
ferential binding as regions with quantitatively different peak
heights for both isoforms (Fig. 1C). Binding sites classified as
isoform specific were typically observed as significantly dif-
ferently enriched (Fig. S1B and Fig. 1D, IGFBPI), rather than
exclusively binding one of the isoforms (Fig. 1D, ADRB?2).

To assess whether differential occupancy could explain the
isoform-specific transcriptional regulation, we compared the
overlap between transcriptional regulation and occupancy and
categorized genes as nondifferential (no significant difference
between isoforms), GRa specific, and GRy specific. Within each
group, we looked for GBRs in a window of 20 kb centered on the
transcriptional start site (TSS) of each gene and found peaks for
39% of nondifferentially regulated genes and for 47% and 38%
of GRa- and GRy-specific target genes, respectively. For non-
differential target genes at which GR was bound, we found
similar levels of occupancy for GRa and GRy for the majority of
genes (815/908 genes: 90%) and some isoform-specific occu-
pancy (Fig. 24). Similarly, for most GRa-specific genes we found
nondifferential occupancy (27/33 genes: 82%), but compared
with the nondifferentially regulated genes, a larger fraction of
genes had GRa-specific peaks (6/33 genes: 18% versus 47/908
genes: 5%). Notably, for this class of genes, no instances of GRy-
specific occupancy were observed. Similarly, for GRy-specific
regulated genes we found that most peaks were nondifferential
(19/25 genes: 74%), with the remaining 26% (6/25) GRy specific.

These data demonstrate that the gamma insertion influences
GR activity toward its target genes by two distinct mechanisms:
first by affecting GBR selection and second, by influencing
events downstream from GBR binding.

Lever Arm Influences DNA Binding. For those genes that rely on
isoform-specific binding for differential regulation, we examined
whether the gamma insertion altered the sequence preference of
GR. We used peak motifs (19) to identify sequence motifs un-
derlying the three classes of binding sites: nondifferential binding
sites, GRa-specific and GRy-specific binding sites. Because peak
motifs intrinsically run multiple motif discovery algorithms, we
clustered the identified motifs into three familial consensus
binding motifs with STAMP (Fig. 2B) (20). Although all three
motifs look similar, the most pronounced differences between

PNAS | October 29,2013 | vol. 110 | no.44 | 17827

BIOCHEMISTRY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1316235110/-/DCSupplemental/sd01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1316235110/-/DCSupplemental/pnas.201316235SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1316235110/-/DCSupplemental/pnas.201316235SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1316235110/-/DCSupplemental/pnas.201316235SI.pdf?targetid=nameddest=SF1

o
&
S
&
o
8
&
E}
E
2
2
@
(9]
=
S
8
4
2
>
>
)
B
8
k-l
8
S
=
H
8
a

A Non differential
GR target genes

GRa specific
target genes

GRy specific
target genes

Non-
C differential
e binding

GRa-specific
binding
C
T
£ A A GRy-specific
AVA "~ = binding
TN e % 1m0~ @ o ,;-?:,‘;

Fig. 2. Overlap between gene regulation and genomic binding by GRa and
GRy. (A) Isoform-specific (deviated >2 SD, S/ Materials and Methods) and
nondifferential genomic binding by GRa and GRy for the three classes of GR
target genes: (Left) Non differential target genes, (Center) GRa specific
target genes, (Right) GRy specific target genes (black, nondifferential; red,
GRa specific; and blue, GRy specific). Numbers refer to the percentage of
each group. (B) Motifs for the three classes of binding sites. Motifs were
identified using peak motifs and clustered into familial consensus motifs
using STAMP.

the familial motifs were found for the motif derived from GRy-
specific GBRs. First, the GRy motif preferentially has an A at
position 10 (Fig. 2B), whereas the nonisoform-specific and GRa-
specific motifs show a preference for a T. Second, the GRy-
specific motif is more degenerate, with one-half of the binding
site being more loosely defined, lacking the C at position 14 and
a reduced sequence preference for the spacer (positions 7-9).
The observed preference for GRy at position 10 and lack of
preference at position 14 also diverges from the GR consensus
motif identified in other studies (21-23).

To test the role of different DNA binding affinities in directing
differential genomic binding of GRa and GRy, we compared the
binding of the DBD of both isoforms to several GBSs using
electrophoretic mobility shift assays. We found that the in vitro
affinity of the DBD of GRy is higher than that of GRa for
all GBSs tested (Fig. S2B) including one, the inositol 1,4,5-
triphosphate receptor interacting protein gene (ITPRIP), that
resembles the GRy-specific motif by having an A at position 10
and missing a C at position 14. In contrast, the nonspecific
affinity for DNA was comparable for both isoforms (Fig. S24).
This indicates that selective GRa occupancy is not due to
higher intrinsic GBS affinity and instead may reflect other
contributions such as flanking sequences and/or cofactors.

To study the role of the GBS in directing GRy-specific binding
and regulation, we constructed a reporter, containing a GRy-
specific peak (an approximately 500-bp region centered on the
peak) with a GBS resembling the more degenerate GRy-specific
motif. The ITPRIP gene from which this reporter was derived is
regulated by GRy specifically and has a GRy-specific GBR lo-
cated ~5 kb upstream of its transcriptional start site. The re-
porter recapitulated the isoform-specific regulation (Fig. 3.4 and
(), and deletion of the GRy-specific GBS rendered the plasmid
unresponsive to GRy (Fig. 3C).

To test the influence of the GBS in directing the observed
isoform-specific regulation by GRy, we mutated the ITPRIP

17828 | www.pnas.org/cgi/doi/10.1073/pnas.1316235110

GBS to resemble the motif for nondifferential GBSs (Fig. 3 B
and C). GRa and GRy now activated transcription equally
well, indicating a role for the GBS in directing GRy-specific
transcription in this reporter context. This suggests that iso-
form-specific regulation by GRy can be explained for some
genes (approximately 25%, Fig. 24) by differential binding of
GRy to specific sequence motifs.

GRy Lever Arm Insertion Rewires the Pattern of Domain Utilization.
For most GR-regulated genes, isoform-specific genomic occu-
pancy does not explain the observed isoform-specific gene reg-
ulation (Fig. 24). We previously showed that GBSs induce
structural changes in the lever arm and hypothesized that these
might be relayed to other domains to modulate GR activity (5,
10). To test if the differential transcriptional regulation by GRa
and GRy involves interplay between receptor domains, we com-
pared the effect of point mutations in three functional domains
(24) in the context of GRa and GRYy in stably transfected U20S
cell lines (Fig. 4 and Fig. S34).

Similar to the observations made for GBS variants (5), we
found that GRy used different patterns of functional domains
than GRa at two GRa-specific target genes that are also regu-
lated by GRy (activation ~80-90% lower than for GRa): pan-
creatic lipase (PNLIP) and serine protease inhibitor Kazal-type
5-like 3 (SPINK5L3) (Fig. 4). The effect of mutating the AF1
domain was similar for both isoforms with reduced activity at
PNLIP but no obvious effect at SPINK5L3, whereas for both
genes, the AF2 domain is essential for full activity of GRa, but
not of GRy. Moreover, mutating the dimer interface renders
GRa less active at both the PNLIP and SPINK5L3 genes. In
contrast, this mutation has little effect on PNLIP activation by
GRy and actually restores SPINK5L3 activation by GRy to the
level observed for GRa (an approximately eightfold increase).
Thus, the effects of isoform-specific lever arms (which we shall
henceforth denote as domains Lo and Ly) and mutations in
additional receptor domains were not simply additive. This
indicates communication between these domains in controlling
the activity of GR and is consistent with a functional connection
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Fig. 3. Isoform-specific binding and regulation by GRy. (A) Regulation (Left)
and genomic binding (Right) for ITPRIP by GRx and GRy was determined as
for Fig. S1A and Fig. 1D, respectively. (B) Genomic fragment centered on
ITPRIP binding site with GBS variants as indicated were cloned upstream of
a minimal SV40 promoter driving luciferase. (C) Fold induction (treated vs.
nontreated) by GR isoform as indicated for the ITPRIP reporters with (Left)
ITPRIP GBS, or (Center) with a deleted GBS, or (Right) with a FKBP5 GBS +
SEM (n = 3) are shown.
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treated cells were analyzed by RT-gPCR for (A) SPINK5L3, and for (B) PNLIP.
Averages + SEM are shown (n = 3).

between the lever arm and other GR domains. Additionally, we
tested the effects of mutations in the AF1, AF2, or dimerization
domains of GRa or GRy by cotransfecting mutant receptors into
U20S cells with various transcriptional reporter plasmids (Fig.
S3B). The CGT reporter contains a single GBS and is activated
more strongly by GRa than GRy (5). Two other reporters con-
tained ~500-bp genomic regions centered on GBRs associated
with the GRy-specifically regulated genes: kallikrein-related
peptidase 3 (KLK3) and junctophilin 2 (JPH2). Similar to the
findings with endogenous target genes, we found that the effects
of perturbing the lever arm and mutations in additional receptor
domains were not simply additive. For example, for the CGT
reporter mutating the AF1 domain for GRa, or insertion of the
arginine in the lever arm for GRy, both resulted in reduced GR
activity (Fig. S3B). However, the effect of combining the AF1
mutation and perturbing the lever arm did not result in a greater
loss of activity than the effect of disrupting either single domain.
Finally, we found that the dim mutation in the context of GRy
produced a dramatic approximately ninefold increase in activity
from the CGT reporter (Fig. S3B). Furthermore, we found a
different pattern of domain utilization at the KLK3 reporter,
which recapitulates the GRy-specific regulation of the KLK3
gene (Fig. S3C). For instance, although AF1 and AF2 and an
intact dimer interface were all required for full activity of GRy,
mutation of any of those domains did not compromise regulation
by GRa; in fact the dimerization interface mutation resulted in
increased activation by GRa. In contrast, the patterns of domain
utilization by GRa and GRy were quite similar at the JPH2 re-
porter (Fig. S3D). This reporter is derived from a GBR where
GRa and GRy occupancy was indistinguishable. Hence, in this
context, the lever arm affects GR function neither by altering
binding to DNA nor by changing the pattern of functional do-
main utilization. Conceivably, the Ly domain may communicate
with other GR surfaces, or it might itself provide a functional
surface to interact with cofactors directly.

Together, these data show that the effects of switching lever
arm domains and mutation of other functional GR domains are
not simply additive, indicating that the lever arm and other GR
domains are functionally connected determinants of GR activity.

Structural Changes Induced by GRy Lever Arm Insertion. To un-
derstand the effects of the lever arm insertion and bound DNA
sequence on DBD structure and activity, we used NMR. Pre-
vious comparison by X-ray crystallography of DNA-bound GRa
or GRy indicated that the structural changes induced by GBS
sequence variants were restricted to the lever arm (5) but did not
have sufficient resolution to detect changes elsewhere. '“N-labeled
GRa-DBD and GRy-DBD proteins were purified and incubated
with GBSs from FKBPS5, which resembles the nondifferential GBS
motif, and ITPRIP, which resembles the GRy-specific motif. 'H-N
HSQC peaks were assigned to amino acid residues for DNA-bound
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GRa-DBD (10) and assignments were transferred to GRo:FKBPS
and GRo:/TPRIP spectra (Fig. 54 and Fig. S4). Conformational
shifts between GRa and GRy were inferred from chemical shift
difference analysis by calculating the distance between each peak in
the GRa spectrum and the nearest peak in the corresponding GRy
spectrum. Notably, several residues within the lever arm of GRa
and GRy display peak splitting, indicating slow conforma-
tional exchange between two distinct lever arm conformations,
as we previously observed for other GR-GBSs complexes (10).

As expected, when we compared GRa and GRy, the most
pronounced changes in chemical shift mapped to the lever arm,
at least in part reflecting the effects of the primary sequence
difference between Lo and Ly (e.g., E469 and G470) (Fig. 54 and
Fig. S4). Importantly, the changes were not restricted to the lever
arm but also mapped to residues that orient the dimerization in-
terface (G478, N480, and R488). This indicates a structural in-
terplay between these two subdomains, which parallels the
functional interplay we observed in transcriptional regulation
(Fig. 4). Additional changes were observed in the recognition
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B GRy:FKBP5 G470\
H472 ‘e ®
R51 .

110 @ R510 \? &% a
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Fig. 5. Comparison of conformational changes induced by GBS or arginine
insertion in the lever arm. (A) Overlay of 'H-">N HSQC spectra of GRa (black)
and GRy (red) bound to FKBP5 GBS. The chemical shift difference (A8) was
calculated as the weighted sum of "H and "N peaks for GRa and GRy. GRa
peaks with a A3 greater than the mean A3 of all peaks are labeled by resi-
due. (B) The weighted sum of "H and chemical shift differences induced by
either changing GBS sequence (ITPRIP versus FKBP5) or (C) arginine insertion
in the lever arm (GRa versus GRy bound to ITPRIP) are colored red onto the
crystal structure of GRy (PDB 3G6T). Blue represents residues without sig-
nificant shifts. Gray represents unassigned residues. (D) Model indicating
how the lever arm integrates signals from GBS variants and other functional
domains of GR to influence regulatory complex composition and activity.
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helix (F464, R466, A467, and V468), helix 2 (C495, R496,
L501, and C502), and near helix 3 (L507-R510), indicating
that conformational shifts in the lever arm impact the struc-
ture of remote regions within the DBD (Fig. 5 and Fig S4).

To rationalize the chemical shifts we observed by NMR, we
looked for structural clues by comparing the crystal structures of
GRa and GRy bound to the FKBP5 GBS (5). Indeed, the
chemical shifts in the dimerization interface are consistent
with conformational changes we observed by crystallography
for residues in this domain (L475, 1487, and R488) when we
compare GRa and GRy (Fig. S5).

To investigate possible mechanisms contributing to context-
specific differential activity of GRa and GRy (Fig. 3), we com-
pared conformational shifts associated with La and Ly at the
isoform-indifferent (FKBPS5) and the GRy-specific GBS (ITPRIP)
(Fig. S4D). There is extensive overlap between residues that are
shifted by different GBS sequences and those that are shifted by
the lever arm insertion (compare gray bars from Fig. S4D, Middle
and Bottom). Interestingly, the few GBS-specific chemical shift
differences for GRy mainly map to the dimerization interface
(1483, 1484, and R488). Taken together with the reporter data
showing GRy-specific ITPRIP activation (Fig. 3), this suggests
that the ITPRIP GBS induces rearrangement of the dimerization
interface that limits activation in the Lo context but is compen-
sated for by the structural changes induced specifically in Ly.

Finally, we compared the chemical shift differences induced by
GBS sequence changes with those induced by the lever arm
isoform and found extensive overlap (Fig. 5 B and C). This
indicates that the lever arm may be a key determinant of GR’s
interpretation of DNA sequence. The widespread conforma-
tional shifts induced by the La-Ly switch, together with the
effects of the switch on transcriptional regulation, reinforce the
idea that the lever arm is structurally and functionally linked to
other GR surfaces (Fig. 5D).

Discussion

Transcription factor function is affected by signals that direct
specific action, depending on cellular conditions. These signals
are not encountered singly, but simultaneously and combinato-
rially, resulting in a fine tuning of transcription factor function.
Here we show how one signal, an alternative splicing event,
rewires GR to respond differently to a second signal, the DNA
sequence to which it binds. This potentially regulatable signal
can cause differential responses by three mechanisms: changing
the affinity and selectivity of GR for DNA sequences to direct it
to different genes; altering occupancy at equivalent affinity sites;
and perhaps most interestingly, changing how GR functions at
sites that are occupied.

Alternative splicing events that involve tandem 5’ and 3’ splice
sites are widespread (25) and the resulting isoforms can have
distinct functions. This was demonstrated in mice for the tran-
scription factor WT1 (26), where the selective deletion of either
one of two isoforms, that differ by a three-amino-acid insertion,
showed nonoverlapping phenotypes. For GR, it is unclear if the
GRoa and GRy isoforms serve distinct functions or if they are
a simple consequence of erroneous splicing that is tolerated.
However, the fact that these isoforms are conserved in mam-
malian genomes argues for a functional role. Furthermore, we
found that the two GR isoforms have different activities, and
enrichment analysis of the functional classifications of the iso-
form-specific target genes (27) showed that different functional
categories were enriched (Dataset S1), indicating that alternative
splicing of GR could allow GR to have context-specific activities.
Because GRy is naturally expressed at low levels (5-10%)
compared with GRa (16), we also tested how having an excess of
GRa influenced the ability of GRy to regulate transcription of
a reporter construct containing the GBR for the GRy-specific
gene, JPH2. We found that a 10-fold excess of GRa blunted the
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activation by GRy, but that a 2-fold induction of JPH2 was still
observed (Fig. S6). This indicates that GRy might regulate genes
even in the presence of excess amounts of GRa, either by
forming GRy homodimers or because GRy function is dominant
in GRy:GRa heterodimers.

The lever arm links the DNA binding surface of GR to the
dimerization interface, and provides both a structural readout
and functional surface that is required for transmission of DNA
sequence information to other domains within GR. We therefore
hypothesized that perturbation of the lever arm by differential
splicing might change how DNA sequence is interpreted by GR.
The lever arm insertion indeed altered transcriptional regulation
by GR in a context-specific manner. For most genes, we did not
detect differential regulation, but for some genes, activity was
reduced, whereas for others, activity increased. Together, this
indicates that the Lo—Ly lever arm switch can affect GR activity
in either direction.

Role of the Lever Arm in Modulating DNA Binding. The differential
regulation could be explained, in part, by altering the DNA
binding specificity of GR. Indeed, the consensus motif for sites
specifically bound by GRy was more degenerate than the non-
differential and GRa-specific motifs. In vitro, GRy bound with
an overall higher affinity to all GBSs tested, perhaps allowing
GRy to bind to these more degenerate sequences, whereas GRa,
with its lower affinity, cannot bind. Comparison of the crystal
structures showed that R471 of GRy might form a weak hydro-
gen bond to the DNA backbone at one of the half-sites (Fig. S7),
possibly contributing to the higher affinity observed for GRy.
Further, the NMR studies indicated changes in the DNA rec-
ognition helix 1, which could reflect altered DNA interactions for
GRy that result in the higher affinity observed. Additionally,
introducing a residue in the lever arm might relieve strain on the
dimer interface that spans the spacer to stabilize the interaction
with DNA. This is supported by the relatively modest difference
in affinity observed for the Pal binding site (the GBS with the
narrowest spacer) as opposed to the biggest difference for
FKBP5 (the GBS with the widest spacer, Fig. S2B).

The GRa motif did not show striking differences compared
with the isoform-nondifferential binding site raising the question:
Why does GRa bind to these regions more strongly than GRy in
vivo? One possible explanation is that although the intrinsic af-
finity of GRy for these GBSs is higher, the interaction for GRa is
stabilized by cofactors and that the GRy lever arm disfavors
these stabilizing interactions. Accordingly, for most of the iso-
form-specifically regulated genes, events downstream of binding
may account for differential activities.

The Lever Arm Modulates GR Activity Downstream of DNA Binding.
Genetic epistasis refers to interactions where the phenotype of
a mutation in one gene is masked by a mutation in another gene,
thus placing them in the same genetic pathway. We used this type
of analysis to study the interplay between the lever arm and other
functional domains of GR by mutating domains individually or in
combination. Previous studies comparing GBS variants showed
that depending on the sequence of the binding site, different
domains of the receptor and different cofactors are required for
full activity, which indicates that events at the DNA:protein in-
terface influence the function of other GR domains (5). Here we
describe cases where GR transcriptional activity is impaired by
either the GRy isoform or a domain mutation, but where the
effect of GRy and the mutation together is not additive (Fig. 4
and Fig. S3). This epistasis indicates that the lever arm is in the
same pathway as the mutated domain and raises the question
how these domains are connected. Possibly, the lever arm and
other functional domains together form a functional surface that
allows the receptor to interact with cofactors involved in tran-
scriptional regulation. The conformational rearrangements in
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the dimer interface induced by the GRy insertion perhaps affects
the cooperative formation of the GR dimer or changes the rel-
ative positioning of other functional domains of GR that might
contact this surface. Either of these cases could influence GR
activity by affecting binding affinity or global GR structure.
Previous studies have shown that cofactors interacting with the
DBD can propagate structural changes to other domains (28).
Similarly, our results suggest that structural changes at the DNA-
protein interface might be propagated within GR to change the
structure and function of remote domains. The mechanism for GR
interdomain signaling may be through long-range modulation of
the conformation of other GR functional surfaces, analogous to
findings with RXR/VDR NR heterodimers, demonstrating that
DNA binding sequence affects the rate of hydrogen/deuterium
exchange in the AF2 domain (11).

The structural and functional link between the lever arm
and the dimerization interface illustrate how this communi-
cation might work. First, we observed that the conformation of
the dimer interface conformation changed when we altered
the conformation of the lever arm in much the same way that
varying the DNA binding site changed the lever arm and the
dimer interfaces (10). Importantly, this connectivity was con-
firmed when mutation of the dimer interface rescued the
transcriptional defect imposed by the arginine lever arm in-
sertion. This suggests that the dimer interface is part of an
allosteric pathway between the lever arm and other functional
surfaces of GR.

The structural changes induced by perturbing the lever arm
showed extensive overlap with a chain of structurally connected
residues in the DBD that shift in response to changes in GBS
sequence (Fig. 5). In the context of full-length GR, the perturbed
dimerization interface residues might propagate specific struc-
tural changes induced by DNA sequence to the other receptor
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domains (Fig. 5D). For GRy, this allosteric pathway is altered,
possibly explaining the changes in transcriptional activity induced
by perturbation of the lever arm.

For proteins to be able to have context-specific activities,
a likely mechanism is to adopt context-specific conformations
that enhance or restrict activity. Studies with NRs related to GR
have shown that sequence information within the DNA response
element can be relayed to other domains structurally (11) and
functionally (29). Interestingly, the flow of information can also
occur in the opposite direction, as ligand binding induced
structural changes in the DBD of VDR (11). We propose that
the integration of various inputs acting on distinct domains of
proteins shapes the structure and dynamics of transcriptional
regulatory factors, thus allowing them to have context-specific
activities. Alternative splicing can generate proteins in which
the integration of these signals is altered by rewiring the con-
nections between protein domains, thus allowing different
responses to the same signal inputs. We suggest that the lever
arm of GR mediates bidirectional allosteric signaling between
the DNA:protein interface and other regulatory domains to
specify such context-specific activities in gene regulation.

Materials and Methods

SI Materials and Methods includes information on cell lines, plasmids, pro-
teins, gPCR, microarrays, transient transfections, EMSAs, ChIP, ChIP-seq, NMR,
and computational analysis. Constructs and cell lines used in this study are
available on request. Please contact Katja Borzym, borzym@molgen.mpg.de.
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