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Flanking Sequence Composition Differentially Affects the Binding and Functional
Characteristics of Glucocorticoid Receptor Homo- and Heterodimers
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ABSTRACT. The core binding sites for a multitude of transcription factors have been identified and
characterized, but these sequences cannot fully account for the nuances of cell-specific and gene-specific
control of gene transcription. Many factors may contribute to the precise responsiveness of a gene to a
particular transcriptional regulatory protein, including the nucleotides in the proximity of the core binding
site for that protein. Here, we examine two flanking sequences bordering a sitejiffiirenogen gene
regulatory region that binds a heterodimer of ¥enopuglucocorticoid receptor accessory factor (XGRAF)

and the glucocorticoid receptor (GR). Mutation of the upstream flank results in a decrease in the level of
XGRAF binding but little change in hormone induction. However, alteration of the downstream flank
adjacent to the GR binding site causes a decrease in levels of both GR monomer binding and hormone
induction. Conversion of the XGRAFGR binding site to a full glucocorticoid response element (GRE)
alters the role of the flanking sequences. A full GRE in this position requires the wild-type upstream
flank to bind GR homodimer and induce transcription to maximal levels. In contrast, mutation of the
downstream flank is not detrimental to either the binding or the function of the GR dimer. Thus, flanking
sequence composition and dimer partner combine to influence GR function, underscoring the complexities
involved in the identification of authentic transcription factor response elements.

The dynamic interaction of transcription factors with DNA  cell-specific manner1(l). A more complex example is a
regulates gene expression, conferring temporal and cell-factor—DNA interaction that recruits a corepressor to affect
specific control in response to a wide range of intracellular a transcription factor bound at a distal sit®), The location
and extracellular cues. However, these prot&dNA inter- of the binding site relative to basal regulatory elements is
actions are not always easily predicted, as the exact sequenceometimes important, as demonstrated by the positional
of a binding site can alter its function in unexpected ways. dependence of a hormone response element in relation to
For instance, particular sequences may influence the recruit-the TATA box of a gene promotet ). A single transcription
ment of cofactors by altering the conformation of the bound factor binding site is also capable of affecting multiple genes
transcription factor via specific interactions with individual simultaneously, sometimes over a considerable distdae (
nucleotides 1—3). If a site binds transcription factors as a Here, we examine interplay between two distinct deter-
dimer, both the spacing and the orientation of the two half- minants, flanking sequence and dimerization partner, that
sites affect how the site behaves, (). Also, not all influence the binding and function of the glucocorticoid
functional binding sites are a good match to the consensusreceptor (GRY. The Xenopusy-fibrinogen gene upstream
sequence compiled from known binding sites for a particular regulatory region contains a binding site for a heterodimer
factor (). of Xenopuglucocorticoid receptor accessory factor (XGRAF)

In addition, the interactions between transcription factors and GR 8), which is essential for maximal hormone
and DNA do not necessarily rely solely on the sequence of induction (5—17). Individually, XGRAF and GR interact
the actual binding site but may be influenced by other DNA with DNA to form single distinct bands in a gel mobility
elements. Sequences flanking the binding site can affectshift assay. Both XGRAF binding and GR binding are highly
response element utilization by altering the protein confor- specific for their respective sites, as confirmed by competition
mation of a factor bound to the DNA). Nearby sequences  experiments using mutated DNA competitdsi5, 16). The
may bind transcription factors of their own that change the combined XGRAF-GR heterodimer binding site is readily
functionality of an unrelated site8{-10). Distal DNA converted to a GR homodimer binding site by a single point
sequences can silence transcription from a known site in amutation (L5). Taking advantage of this property here, we
used transfections and quantitative gel mobility shift assays
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Table 1: Sequences of Mutations within the=ibrinogen Gene
DNA Fragment

Name | DNA Sequence ¢

Wild type b4 |-187 ccagacacannneacTTARTGTTCCCTCTTA 157
MutU*D ¢ ~187 Ct ACACtGtAAAGAGTTAATGTTCCgcaaac ~157
MutU*XD ¢ -187 Ct ACACtGtARAGAGCYCgTGTTCCgcaaac ~157
MutU*GD ¢ -187 Ct ACACtGtAAAGAGTTAATacTaCgcaaac ~157
MutUD &€ -187 attccatatcAAGAGTTAATGTTCCgcaaac ~157
MutU €€ -187 attccatat cAAGAGTTAATGTTCCCTCTTA 157
MutD b.d -187 CCAGACAGAAAAGAGTTAATGTTCCgcaaac ~157
GRE 04 ~187 CCAGRCAGARAAGACTTAATGTTCCCTCTTA ~157
GREmutUD ¢¢ |-187 gttccatatcAARGACTTAATGTTCCgcaaac ~157
GREmutU ¢€¢ | ~187 attccatatcAAGACTTAATGTTCCCTCTTA ~157
GREmutD b4 | -187 CCAGACAGARAAAGACTTAATGTTCCgcaaac ~157

aThe sense strand is shown, and mutated bases are denoted witl
lowercase letters. The XGRAF binding site is in bold, and the GRE
half-sites are underlined.The Kpnl site at the 5 junction with the
vector includesy-fibrinogen bases-187 and—186 as the final two
bases of the enzyme recognition sequefA&onstructs have five
additional bases (TCCAC) between thé Kpnl junction and the
sequence showwd.Probes for gel mobility shift assays had two
additional bases; basesl89 and—188 were present as CYProbes
for gel mobility shift assays had two additional bases; base89 and
—188 were present as Cc.

to determine the effects of mutating individual flanking
sequences on the abilities of XGRABGR and GR-GR
species to stimulate transcription.

MATERIALS AND METHODS

Construction of Transfection Vectomlasmid constructs
were assembled in the pLucLink2.0 (pLL) luciferase reporter
vector (L8). DNA inserts were prepared by PCR usiRfy
polymerase (Stratagene), templates containifidiBrinogen

Morin et al.

two wells on a 24-well Primaria plate (Falcon) and incubated
in the absence or presence of 1M dexamethasone and
10°° M triiodothyronine for 44-48 h. Cells were then
harvested as described previously)

Luciferase angB-Gal Reporter Assay<ell lysates were
analyzed for luciferase reporter gene activity as described
previously (L9) except 70QuM coenzyme A was added to
the assay buffer2Q). f-Galactosidaseftgal) activity was
measured with a Galactostar kit (Applied Biosystems,
Tropix). Briefly, 11uL of cell lysate, 11uL of lysis buffer,
and 300uL of diluted Galacton substrate were combined
and incubated at room temperature for 30 min. Following
incubation, light output was measured s in aluminom-
eter (Monolight 2010).

Luciferase activity was normalized {®-gal activity for
each sample. The fold hormone induction was expressed as

thormalized luciferase activity in dexamethasone-treated cells

divided by normalized luciferase activity in untreated cells.
The mean fold hormonal induction was calculated from the
independent transfections of each construct in an experiment.

In the figures, the hormonal induction for each test
construct was expressed as a percentage of the reference
construct as follows: fold induction (% of referenee](fold
induction of experimental construet fold induction of B3-
136)/(fold induction of reference construetfold induction
of Bf3-136)] x 100. The value for B-136 represents a
noninduced baseline from a construct previously shown to
be unresponsive to glucocorticoid$9. The percentages
from 6—10 experiments were averaged, and the standard
error of the mean (SEM) was calculated.

Gel Mobility Shift Assays:or all gel mobility shift assays,
gel-purified oligonucleotides (Integrated DNA Technologies)
were annealedl) to produce double-stranded DNA probes
(see Table 1). Probes were labeled at therfel with [y-32P]-

ATP as described previouslg21) except some reactions were

sequence, and appropriate primers to introduce the desiredstopped with 25 mM Na-EDTA (pH 8) and mixtures
y-fibrinogen gene sequences. All plasmid constructs included processed through MicroBiospin6 columns (Bio-Rad) per the

Xenopud-fibrinogen sequence from positieril41 to+40
relative to the transcription start site9). The B3-sequence
ended in a 3adapter sequence withHindlll restriction site
as described previousiL7). The appropriate wild-type or
mutatedy-fibrinogen sequence (see Table 1) wasf and
directly adjacent to, the Bsequence within each construct.
A Kpnl site was placed'3o they-sequence for ligation into
pLL. The PCR inserts were digested wKipnl and HindlII
and ligated into the multiple cloning site of pLL. The
resulting constructs were sequenced (DNA Core Facility,
University of Missouri), and DNA for transfections was
prepared as previously describeld),

Transfection of Primary Hepatocyterimary hepatocytes
from estrogen-treated adult fematenopus laeis (Nasco)
were isolated as previously describel9)( For some
experiments, albino frogs were used, which obviated the
requirement of a Metrizamide gradient for removal of
melanocytes from the hepatocyte fraction. There were no

manufacturer’s instructions.

To examine bhinding of XGRAF to DNA, we utilized a
dual-probe procedure described by La Baer and Yamamoto
(22). A small probe (33-mer) (Table 1) was mixed with a
large probe (98-mer) containing the XGRAF binding site.
This large probe contained pLL vector sequencdibrin-
ogen sequence from positionl87 to —115, and arMfel
restriction site on the'®nd (5). The small and large probes
were mixed in equimolar ratios (0.2 ng of small to 0.6 ng of
large) and combined in a reaction mix described previously
(17), except 2ug of poly(dl-dC) was present in each reaction
mixture.Xenopudiver nuclear extract was present at a level
of 10—20 ug per reaction mixture as the source of XGRAF
(8). Reactions were run on a 5% polyacrylamide gel at 350
V for 5.75 h (L7). The bottom fourth of the gel was composed
of a 15% polyacrylamide plug to retard migration of free
probe, allowing better resolution of proteibNA complexes
while keeping the free probe on the gel.

detectable differences in transfection results between the two Formation of the XGRAFGR—DNA complex was

types of frog.
Purified cells were transfected by electroporation with 50
ug of luciferase reporter DNA and 18y of pCMVj-gal as

performed as described previously’), except each reaction
mixture contained 1@g of Xenopusdiver nuclear extract as
the source of XGRAF. Since endogenous GR is generally

a control (L5). Hormone induction was examined using three undetectable in crude nuclear extract via a gel shift assay, it
or four independent transfections for each construct in a givenis routine to use exogenously synthesized GR to examine
experiment. Cells from each transfection were divided into GR binding @3—25). Therefore, the reaction mixtures
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contained the DNA-binding domain fragment of rat GR,
T7X556 (a kind gift from K. Yamamoto)23) at 2, 4, 6, 8,

or 10 ng per reaction mixture. Complexes were formed on
33-mer probes (Table 1) and resolved on a polyacrylamide
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XGRAF
site

GRE
half site

Downstream
flank

Upstream
flank

y-wt CCAGACAGAAAA|GAGTTAA[rGTTCC|CTCTTA

gel as described above, except the plug was one-eighth the

total volume and the gels were run at 350 V for 4.17 h.
The binding of GR monomer was done on a small probe
(33-mer) (Table 1) and a large probe (50-mer) comprised of
y-fibrinogen sequence from position189 to —140 with a
G to A point mutation at positior-155 to remove a GRE
half-site (L6). Probes were present in equimolar ratios (0.2
ng of small to 0.32 ng of large). Binding reaction mixtures
were prepared as previously describ8d The GR, T7X556,
was present at a range of 2300 ng per reaction mixture.

—1;? —1;5 —1;9 —1;3 —1;7
y-GRE CCAGACAGAAAAGACTTaAlreTTCC/cTCTTA
A
Consensus GRE hGTACLINNNlTGTTCTI

-6
Ficure 1: Xenopug/-fibrinogen DNA from—187 to—157 relative
to the transcription start site at positigril. The XGRAF binding
site (white box), the GRE half-site (gray box), and both flanking
sequences in thg-wt sequence are displayed. The&GRE mutant
and a consensus GRBZ) are shown in relation to the-wt

-1 +1 +6

Since nuclear extract enhances binding of GR to DNA, theseseq_u_ence. The GRE mutation involves conversion of the base at
reactions required a greater amount of GR in comparison toposition —173 from G to C (indicated by the arrowhead) which

the XGRAF-GR binding reactions described above. Gels

were prepared and run as described for XGRAF binding.
Binding reactions for GR homodimer used the small

probes (33-mer) described in Table 1. Binding conditions

were the same as for GR monomer except that the range of

GR was 5-40 ng per reaction mixture. Reactions were run
on a 5% polyacrylamide gel at 250 V for 2.25 h.

Quantitatve Analysis of Gel Mobility Shift AssayBhe
labeled DNA was detected on a Bio-Rad FX phosphorimager
and quantitated with Quantity One software (Bio-Rad). The
type of quantitation used was dependent upon specific
reaction conditions for each type of experiment.

Quantitation of XGRAF and GR binding (Figures 4 and
6) was conducted as follows. Within a single lane, the amount
of small or large probe bound to protein was divided by the
amount of identical free probe. The ratio of these values for
the small to large probes was then calculate®).(The final
value for each small mutant probe was expressed as
percentage of binding to the small wild-type probe with an
identical amount of protein present.

To compare formation of the XGRAFGR complex on
different DNAs (Figure 5), ratios of XGRAFGR—DNA
to total radioactivity were calculated for each lane. The ratios

for each mutant probe were then expressed as a percentagé;

of the ratio of complex formed on the wild-type probe under
identical reaction conditions.

Binding of the GR dimer to mutant probes (Figure 8) was
compared to binding to the GRE probe under identical
conditions as follows: dimer bound to mutant probe (% of
wild type) = [(dimer bound to mutant probe/free mutant
probe)/(dimer bound to GRE probe/free GRE probe}]00.

RESULTS

In our previous work, we identified a glucocorticoid
responsive region from position187 to —157 relative to
the transcription start site in théenopug/-fibrinogen subunit
gene (6, 17). This region contains a GRE half-site from
position —168 to —163 (see Figure 1), but this half-site is
insufficient for conferring full hormone responsiveness to
the promoter. An additional sequence within th&77 to
—169 segment binds XGRAF and is required for full

a

causes the sequence to function as a full GRE.

—175 to —169 (see Figure 1). XGRAF and GR hind the
DNA cooperatively at their respective sites and function as
heterodimeric unitg).

The segment of DNA from position187 to—157, which
contains the XGRAF site and the single adjacent half-GRE,
remains functional when placed in the heterologous context
of the XenopusBg-fibrinogen gene promoter and upstream
sequence, which has no homology with fhébrinogen gene
regulatory region7). Thus, the DNA segment from position
—187 to—157 does not require any other sequences within
the y-fibrinogen gene upstream region to function as a
glucocorticoid response unit. The possibility remained,
however, that sequences within th&87 to—157 segment,
upstream or downstream of the core XGRAF (positieri§'5

to —169) and GR (positions-168 to —163) binding sites,
play a role in the activity of this heterodimeric unit.

Since the XGRAFGR heterodimer is a novel transcrip-
tional regulatory complex, we sought a more complete
understanding of the role of the flanking DNA sequences in
glucocorticoid responsiveness. For these investigations, we
used constructs in which thel87 to—157 fragment of the
fibrinogen gene DNA was placed upstream of th&41
+40 region of the B-fibrinogen gene regulatory region
so that the single full GRE from position162 to —148
that is solely responsible for the hormone responsiveness of
the BS-gene is removedl@). They-fibrinogen segment from
—187 to—157 was positioned so that the XGRAER core
binding sites, plus the two bases at positieri&7 and—176,
were in the exact location, relative to the transcription start
site, normally occupied by the/Bfull GRE.

Effects of the Flanking Sequences on XGRA&R Func-
tion. To examine the role of the flanking sequences in
XGRAF—GR function, they-flanks were mutated to match
the sequences that flank the GRE of th&fibrinogen gene.
The mutated upstream flank, mutU*, lies near the XGRAF
binding site, and the mutated downstream flank, mutD,
borders the GR binding site. Simultaneously changing both
flanks in mutU*D (Table 1) resulted in an approximately
50% decrease in glucocorticoid responsiveness but did not
completely eliminate hormone induction (Figure 2A). To

induction of gene expression. This sequence was examinedverify that both XGRAF and GR played a role in the

by mutating each nucleotide individually to the other three
possible nucleotideslf). The results of this experiment
localized the core binding site for XGRAF from position

remaining hormone responsiveness of the mutU*D construct,
the individual XGRAF and GR binding sites were mutated
(Table 1). Mutation of the XGRAF binding site in mutU*XD
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mutu'D JE{_[TH€ mutud & [TH€
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Fold Induction [% of wt]
B A87 A57 mutdD ——{_ [ P€
v ¥,
mutu'd & [TPD¢ 0 20 40 60 80 100

Fold Induction [% of wt]

Ficure 3: Importance of the downstream flanking sequence for
XGRAF—GR function. The diagrammatic schemes of the constructs
containing theXenopusy-fibrinogen gene upstream DNA show
0 20 40 60 80 100 the presence of the XGRAF binding site (white box), the GRE half-

8 a s site (gray box), and the mutated sequengg. (See Table 1 for
Fold Induction [% of mutU*D] wild-type and mutant sequences. Constructs were transfected into

. . P Xenopusprimary hepatocytes, and glucocorticoid responsiveness
Ficure 2: Reduced function of the XGRAFGR core binding ; 4 h .
sequence following replacement of the flanking sequences. TheWas determined as described in Materials and Methods. The fold

diagrammatic schemes of the constructs containingXieopus hormonal induction of each construct is given as a percentage of

e the wt control. The data are expressed as the average of eight
-fibrinogen gene upstream DNA show the presence of the XGRAF ’ . .
ginding %ite g(whitepbox), the GRE half-sitg (gray box), and the separate experiments SEM. The fold induction of the wt construct

; was 1.8. The mutUD and mutD constructs were significantly
mutated sequencex]. See Table 1 for wild-type and mutant as ; h
sequences. Constructs were transfected Xémopusprimary different from the controlf < 0.05) as determined by the Wilcoxon

hepatocytes, and glucocorticoid responsiveness was determined a§|gned-rank test2).

described in Materials and Methods. The fold hormonal induction ) .

of each construct is given as a percentage of the wt (A) or mutu*D observed with the flanking sequence mutants was due to
(B) control. (A) The data are expressed as the average of nineelimination of XGRAF binding.

separate experimenis SEM. The fold induction of the wt construct Role of the Flanking Sequences in XGRAF Bindifig
was 2.3. (B) The data are expressed as the average of 10 separatg,

experimentst SEM. The fold induction of the mutU*D construct orrelf';\te' functllon W.llt.h p;]c')fteln binding, we performe(ii(
was 1.6. All experimental constructs were significantly different duantitative gel mobility shift assays. Our previous wor

from their controls § < 0.05) as determined by the Wilcoxon using gel shift assays has established that XGRAF behaves

signed-rank test26). as a single distinct band and binds with high specificity to a
core DNA sequence8( 15-17). We are able to study

XGRAF binding without complications from binding of

resulted in a partial decrease in glucocorticoid responsiveness; , . . )
while mutation of the GRE half-site in mutU*GD nearly endogenous GR to its adjacent site, because GR is undetect-

eliminated hormone induction (Figure 2B). These results are ﬁblek_m our nuclear extractg). -It;p g_xamme lthe effects of
essentially identical to previous observations made with the anking sequence on XGRAF binding, nuclear extract was

nativey-gene flanking sequences intat?). Therefore, while combin_ed with either a Wild_-type probe or a mutant probe
the XGRAF-GR core binding site still retains some (SP) with one or both flanking sequences altered. All four

responsiveness without the native flanks, the wild-type probes bpund XGRAF in sufficient amounts fOT _quantita_tion
sequences are necessary for the full function of the XGRAF (XGRAF:SP in Figure 4A). Ir_lstead of competition StUd'es’
GR heterodimer. we elected to use a large wild-type DNA probe (LP) with
) , . . an XGRAF bhinding site as an internal control (XGRAF:LP

Since some of the nucleotides in the upstream flanking i, Figure 4A). The larger control probe allowed simultaneous
Bf3-sequence are identical to thesequence, the upstream  getection of the experimental probe within the same sample.
flank was further mutated from the/Bsequence so that N0 s approach has the advantage of increased accuracy,
bases matched the natiyefibrinogen sequence (mutU, Table yhich allows small differences in DNA binding affinity to
1). These new mutations in mutUD yielded essentially the pe getecteda?). Following quantitation of all four bands,
same reduced glucocorticoid responsiveness as observed ithe ratio of XGRAF-SP complex to free SP was divided
mutU*_D (compare Flgur_es 2A and 3) Therefo_re, we used by the ratio of XGRAF-LP complex to free LP to normalize
mutU instead of mutU* in the remaining experiments. protein binding within each sample. In Figure 4B, the

To assess the individual roles of each flanking sequence,normalized XGRAF binding for each mutant probe is
we mutated either the upstream or downstream sequenceexpressed as a percentage of the normalized XGRAF binding
(Table 1). Mutation of the upstream flank in mutU resulted to the small wild-type probe under identical conditions.
in no appreciable change in hormone induction (Figure 3). Mutation of both upstream and downstream flanks in mutUD
In contrast, mutation of the downstream sequence in mutD resulted in a 50% decrease in XGRAF binding (Figure 4B).
substantially diminished the glucocorticoid response to a level When only the downstream flank was altered in mutD, there
similar to that observed when both flanks were mutated in was no decrease in the level of XGRAF binding compared
mutUD (Figure 3). The reduced hormone responsiveness ofto that of the wild type. In contrast, mutation of the upstream
mutD and mutUD is comparable to that obtained in previous flank alone reduced the level of XGRAF binding to that seen
experiments when binding of XGRAF to its specific site on on the double mutant (mutU, Figure 4B). However, it was
the DNA was abolished8( 15—17). Therefore, we sought  mutation of the downstream flanking sequence that resulted
to determine whether the decrease in glucocorticoid inductionin a weaker hormone induction (Figure 3). Since the upstream

mutu*xD JETHE
mutU*GD & DXP€
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Ficure 5: Reduced formation of the XGRAFGR—DNA complex

- . ) following mutation of the upstream flanking sequence. (A) The

foelllor‘;]":)nb%"r]ustﬁ?togsg;thv?/al;pggﬁiaez] éﬁnlg'sngessiﬂléigci% l\(/lngte-l;iljalels gel mobility shift assay was carried out as described in Materials
9 Y Y and Methods with the experimental probes described in Table 1.

and Methods with a large control DNA probe (LP) presentin each 1, hanis are denoted to the left as XGRAF:GR, XGRAF, or GR
lane. The small experimental probes (SP) are described in Table l'complexed with probe or as free probe. (B) Data for each
The bands are denoted to the left as XGRAF complexed with either experimental probe were analyzed from 10 independent samples

the large or small probe (XGRAFLP or XGRAF:SP) or as the free "oy three separate gels as described in Materials and Methods
individual probes. (B) Data for each experimental probe were and are expressed as a percentage of binding of the XGRGFE
analyzed from nine independent samples run on three separate geléomplex to the wt controt= SEM. Binding of the XGRAF-GR

as described in Materials and Methods and are expressed as ey to the mutUD and mutU probes was significantly different

percentage of XGRAF binding to the small wt contebl SEM. : " : )
Binding of XGRAF to the mutUD and mutU probes was signifi- E?nnﬁ iggtcgé;trol b < 0.05) as determined by the Wilcoxon signed

cantly different from the controlp( < 0.05) as determined by the
Wilcoxon signed-rank tes26).

Ficure 4: Decreased binding of XGRAF tp-fibrinogen DNA

mutD had no effect on the ability of XGRAF and GR to
flank did not alter function, it is unlikely that decreased form the heterodimer (Figure 5B). Though formation of the
XGRAF binding is responsible for the reduced glucocorticoid XGRAF—GR—DNA complex was not eliminated by any of
responsiveness. the flanking sequence mutations, the smaller amount of
Effect of Flanking Sequence Mutations on Formation of complex on the mutU and mutUD mutants parallels the
XGRAF-GR HeterodimersAn alternative mechanism that reduced amount of XGRAFDNA complex available for
can inhibit hormonal activation of transcription is the formation of the XGRAFGR—DNA complex. However,
elimination of the interaction between XGRAF and GR by these reductions in the level of binding do not correlate with
the insertion of a single nucleotide between their respective the effects of the mutD and mutUD flanking sequence
binding sites §). Consequently, we examined whether the mutations on the functional activity of this regulatory region.
reduced function brought about by the flanking sequence Dependency of GR Monomer Binding on Flanking Se-
mutations was due to loss of XGRAKSR heterodimer guence CompositionSince neither XGRAF binding nor
formation. A fixed amount of nuclear extract (XGRAF) was XGRAF—GR—DNA complex formation accounts for the
combined with varying amounts of GR and either wild-type decreased function associated with mutated flanking se-
or mutant probes (Table 1 and Figure 5A). The ratio of quences, we examined the effects of flanking sequence
XGRAF—GR—DNA to total DNA for each mutant was then composition on binding of GR to its half-site. Employing
compared to the same ratio for the wild-type probe under the method used to assess XGRAF binding, we examined
identical conditions and expressed as a percentage of thebinding of the GR monomer to wild-type and mutant probes
wild-type control. Mutation of both flanks in mutUD or the  (Figure 6A). Mutation of both flanking sequences in mutUD
upstream flank alone in mutU resulted in an approximately resulted in a decrease in the level of GR monomer binding
50% reduction in complex formation on the DNA (Figure to the single GRE half-site (Figure 6B). Mutation of the
5B). However, mutation of only the downstream flank in upstream sequence alone failed to reduce monomer GR
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= -1 -4 "
GR:LP . L “ ] leﬂ H b GREmutU m
GR:SP- | B0 % o =2 1R

GREmutD meeef T={IT€

. 0 20 40 60 80 100

Fold Induction [% of GRE]

Ficure 7: Importance of the upstream flanking sequence for GR
homodimer function. The diagrammatic schemes of the constructs
containing theXenopug/-fibrinogen gene upstream DNA modified

to contain a full GRE show the presence of the GRE half-sites
(gray boxes) and the mutated sequenck See Table 1 for wild-

type and mutant sequences. Constructs were transfected into
Xenopusprimary hepatocytes, and glucocorticoid responsiveness
B 140 was determined as described in Materials and Methods. The fold
hormonal induction of each construct is given as a percentage of
the GRE control. The data are expressed as the average of six
separate experiments SEM. The fold induction of the GRE
construct was 14.3. The GREmutUD and GREmutU constructs were
significantly different from the controlp( < 0.05) as determined

120
100
80 1 by the Wilcoxon signed-rank tes2).
60 -
40 - control (Figure 7). Alteration of the upstream sequence in
GREmutU was almost as deleterious as mutation of both
20 1 flanking sequences in GREmutUD (Figure 7). However, with
0 only the downstream flank mutated, GREmutD retained 85%
Mt mutuD ity TetD of its activity in comparison to the GRE construct (Figure

FicURe 6: Decreased binding of GR monomen#dibrinogen DNA 7). T_hese results were interesting bgcaqse the opposite flank
following mutation of the downstream flanking sequence. (A) The had impacted GR function and binding in the XGRAGR

gel mobility shift assay was carried out as described in Materials heterodimer.

and Methods with a large control DNA probe (LP) present in each To confirm our prediction that GR binds as a homodimer

lane. The small experimental probes (SP) are described in Table 1. .
The bands are denoted to the left as GR complexed with either thel© the GRE construct and to assess the effect of flanking

large or small probe (GR:LP or GR:SP) or as the free individual Sequence on GR homodimer binding, we performed quan-
probes. (B) Data for each experimental probe were analyzed fromtitative gel mobility shift assays using the GRE probe (Table

15 independent samples run on three separate gels as described iy |n Figure 8A, GR bound primarily as a dimer to the GRE
Materials and Methods and are expressed as a percentage of bindin%nd GRE mutar,lt probes. To compare the GR dimer binding

of the GR monomer to the small wt contréd SEM. Binding of . o
the GR monomer to the three experimental probes was significantly ©" mutant probes to the GR dimer binding on the GRE probe,

different from the controlg < 0.05) as determined by the Wilcoxon ~ the ratio of GR dimer to free probe was quantified (Figure
signed-rank test2). 8B). The ratio for each mutant probe was then normalized
o ] ) to the ratio from the GRE probe under identical conditions.
binding (mutU, Figure 6B). In contrast, mutating the \jytation of both flanking sequences resulted in a 50%
downstream sequence resulted in a nearly 40% decrease ifaquction in GR dimer formation in comparison to the control
the amount of GR bound to the DNA (mutD, Figure 6B). (GREmutUD, Figure 8B). Binding of GR homodimer to the
These results link the decreased hormone responsiveness thstream mutant, GREmutU, was similarly reduced, while
a decrease in the level of GR binding that can be attributed 5 decrease in the level of binding was observed on the
to the compo_sition of _the downstream flankir_lg sequence. gownstream mutant, GREmutD (Figure 8B). These binding
An Essential Flanking Sequence for Optimal €BR (515 correlate with the functional data for the GR homodimer

Binding and Functionlt is possible that the downstream  yhich indicated that the upstream flank is important for
sequence is only important for GR binding and function in  hormone induction in this context.

the context of the XGRAFGR heterodimer because the

binding site relies on a single half-GRE. To ascertain if the p|scUsSION

downstream flank is important for GR binding in the context

of a full GRE, we mutated the base at positioh73 to a C The upstream regulatory region of tXenopusy-fibrin-
(Figure 1, and see the GRE construct in Table 1). We had ogen gene contains a binding site for an XGRABR
shown previously that this minimal change resulted in a loss heterodimer that is essential for the full glucocorticoid
of XGRAF binding accompanied by strong hormone induc- induction of gene expressioB,(15—17). A single base pair
tion suggestive of dimeric GR activitylH). In the present  mutation in this site converts it to a functional GRE able to
context, with the wild-type flanking sequences, this GRE bind a GR-GR homodimer 15). This property enabled us
construct responded strongly to glucocorticoid. Mutation of to examine the effects of sequences directly adjacent to the
both flanking sequences in GREmutUD (Table 1) resulted dimer binding site on the binding and function of both
in a 60% decrease in hormone induction compared to the XGRAF—GR and GR-GR dimers. Our results indicate that

’ :
FmeLP-I..H .."

ln

Free SP -

GR Monomer Binding to DNA
(% of binding to wt)
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Ficure 8: Reduced binding of GR homodimer t6GRE DNA
following mutation of the upstream flanking sequence. (A) The
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match to the consensus sequence (see Figure 1), the upstream
flanking sequence could enhance binding of the homodimer
to compensate for the large number of mismatches in this
GRE. Curiously, the native downstream flank that facilitates
binding of the GR monomer to the wild-typefibrinogen
sequence does not play a role in enhancing the binding of
GR in the homodimer, even though the downstream half-
GRE is thought to be occupied first in homodimer formation
(27). The different requirements for flanking sequence
composition may reflect different conformations adopted by
GR in hetero- and homodimers under equilibrium binding
conditions.

These differences between the heterodimer and the ho-
modimer demonstrate an important connection between
binding partner and flanking sequence specificity. Such
complexity may be especially important for the steroid
receptor family of which GR is a part, since androgen,
progesterone, and mineralocorticoid receptors recognize
similar or identical core sequences yet regulate very different
patterns of gene expression.

This investigation shows that flanking sequences and
dimerization partners influence the binding and function of
transcription factors, adding to the difficulty of identifying
authentic regulatory elements. Despite such difficulties, the
advent of genomics and bioinformatics has made it desirable
to develop methods that predict specific elements in vast
stretches of DNA. Using established consensus sequences
as templates, a number of computer programs for searching
for potential transcription factor binding sites have been
devised 28—31). However, to minimize false identification
of irrelevant sites and to maximize the detection of actual

gel mobility shift assay was carried out as described in Materials "egulatory elements, the design of these programs must
and Methods with the small experimental probes described in Table overcome a number of challenges, because of the complexity
1. The bands are denoted to the left as GR:GR (GR homodimer), and unpredictability of the interactions between transcription

GR (GR monomer), and free probe. (B) Data for each experimental
probe were analyzed from 15 independent samples run on thre
separate gels as described in Materials and Methods and are

e

factors and DNA 28—31).
In the example given here, mutation of a single base

expressed as a percentage of binding of the GR dimer to the GRECreates a functional full GRE (Figure 1), although this

control == SEM. Binding of the GR dimer to the GREmutUD and
GREmutU probes was significantly different from the contypl (
< 0.05) as determined by the Wilcoxon signed-rank t&sj. (

flanking sequence composition affects the binding and

function of the two dimers in distinctly different ways.

sequence is only a moderate match to the consensus GRE
(seven of 12 bases, with three of four critical basgg) 82,

33). This mutant functions well under the influence of a
particular flanking sequence, but the binding site might
remain undetected in a computer-assisted search due to the
marginal overall match to the consensus sequence, even with

In the native sequence, mutation of the upstream flank g search weighted toward known critical bases. It is interest-
adjacent to the XGRAF binding site reduces XGRAF binding ing to note that, previously, we mutated this site to form a

and XGRAF-GR heterodimer formation with little effect

10 out of 12 match to the consensus GRE with three of the

on transcription. However, we have previously shown that four critical bases (GGTAAANNNTGTTCCL6). However,

elimination of heterodimer binding was deleterious to
transcriptional activation by glucocorticoid®)(Apparently,
sufficient heterodimer is able to forim vizo to maintain
normal function, even with the reduced level of XGRAF

the resulting sequence was nonfunctional in this particular
context, though it would likely be identified as a good
candidate in a computer search.

The difference in the requirements for flanking sequences

binding caused by mutation of the upstream flanking petween the XGRAFGR heterodimer and the GFGR

sequence. A similar compensatory mechanism does not exishomodimer at nearly identical sites demonstrates the impor-
to correct the effects of the downstream mutation on GR tance of context in regard to both the binding and function
binding and function. Reduced GR occupancy resulting from of GR. Transcription factor binding sites that cannot be

a lower affinity for its binding site can account for the
diminished function, even when complex formation is
relatively unchanged (Figure 5).

In contrast to the case of the XGRAIGR heterodimer,
GR—GR homodimer formation and function are impacted

readily identified by their traditional binding sequence may
be functional due to additional complex features such as the
presence of a specific flanking sequence. This complexity
emphasizes the need to use experimental approaches in close
conjunction with computer-based methods to maximize the

only by mutations to the upstream flanking sequence. Sinceidentification and confirmation of authentic transcription
the GRE half-site adjacent to the upstream flank is a poor factor binding sites.
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NOTE ADDED AFTER ASAP PUBLICATION

The original posting of May 5, 2006 contained incorrect

versions of Figures 5 and 8 as well as some minor
typographical errors. The correct version is shown in the
posting of May 16, 2006.
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