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DNA regulatory elements frequently harbor multiple recognition sites for several transcriptional activators.
The response mounted from such compound response elements is often more pronounced than the simple sum
of effects observed at single binding sites. The determinants of such transcriptional synergy and its control,
however, are poorly understood. Through a genetic approach, we have uncovered a novel protein motif that
limits the transcriptional synergy of multiple DNA-binding regulators. Disruption of these conserved synergy
control motifs (SC motifs) selectively increases activity at compound, but not single, response elements.
Although isolated SC motifs do not regulate transcription when tethered to DNA, their transfer to an activator
lacking them is sufficient to impose limits on synergy. Mechanistic analysis of the two SC motifs found in the
glucocorticoid receptor N-terminal region reveals that they function irrespective of the arrangement of the
receptor binding sites or their distance from the transcription start site. Proper function, however, requires the
receptor’s ligand-binding domain and an engaged dimer interface. Notably, the motifs are not functional in
yeast and do not alter the effect of p160 coactivators, suggesting that they require other nonconserved
components to operate. Many activators across multiple classes harbor seemingly unrelated negative regula-
tory regions. The presence of SC motifs within them, however, suggests a common function and identifies SC
motifs as critical elements of a general mechanism to modulate higher-order interactions among transcrip-
tional regulators.

The development and physiology of higher eukaryotes rely
on the accurate transcription of a large array of independent
genes in response to specific temporal, spatial, and physiolog-
ical cues. The information to establish such a complex program
of gene expression is ultimately encoded in the regulatory
DNA elements of each gene. Invariably, such cis-regulatory
elements consist of clusters of recognition sites for various
factors, often in multiple copies or partially overlapping each
other (2). These units nucleate the cooperative assembly of
multiprotein complexes or enhanceosomes (4). The final tran-
scriptional output, however, is not the simple arithmetic addi-
tion of the independent effects of individual regulators. On the
contrary, the integrated response of the gene is the result of a
complex set of logical and quantitative operations that rely on
the combinatorial coordination of multiple regulatory sites,
factors, and signals (56–58).

A central element of this regulatory logic that serves as both
an amplification and specificity mechanism is the more-than-
additive, i.e., synergistic, response resulting from the recruit-
ment of a given activator to multiple copies of a recognition
site. This general form of interaction is observed even with
artificial activators and thus may be an intrinsic consequence of
the combinatorial design of eukaryotic transcription systems
(25). The mechanisms and determinants that enable or control
such synergy are poorly understood, yet they are likely to be
important targets of regulation.

Steroid receptors such as the glucocorticoid receptor (GR)
are useful models for studying this form of synergy, since many

of their target cis-regulatory regions harbor multiple receptor
binding sites (6, 21). Furthermore, different receptors display
various degrees of synergy at such compound hormone re-
sponse elements (HREs). Steroid receptors share a common
architecture consisting of the following three major regions. (i)
The first is a highly variable N-terminal domain that harbors
transcriptional regulatory functions. In the case of GR, a tran-
scriptional activation function (AF1, or enh2) (15, 20) and
determinants involved in repression (36) lie within this do-
main. (ii) The second is a central region that harbors dual zinc
fingers responsible for specific DNA recognition and DNA-
induced dimerization (DNA binding domain [DBD]). Critical
residues in this domain play a pivotal role in determining the
regulatory outcome of interactions with other regulators (47).
(iii) Finally, the third is a C-terminal ligand-binding domain
(LBD) harboring a second activation function (AF2) that op-
erates as a ligand-dependent surface for interaction with co-
activators (7, 45).

Both the N- and C-terminal transcriptional activation func-
tions of steroid receptors contribute to synergy, but it is unclear
whether effects on synergy can be dissociated from effects on
activation per se (31, 42, 55). The mechanism of synergy is not
fully understood, but in several instances, cooperative binding
to compound sites correlates with synergistic activation (49,
55). In the case of the androgen receptor (AR), interactions
between the N- and C-terminal domains contribute to this
effect (19, 42). For GR derivatives lacking the LBD, synergy
and cooperative binding appear to depend on sequences within
the N-terminal activation function (55). In certain promoter
contexts, however, synergy occurs in the apparent absence of
cooperative DNA binding (3, 38).

A number of observations suggest that steroid receptors
harbor additional determinants that limit or control the extent

* Corresponding author. Mailing address: Department of Pharma-
cology, The University of Michigan Medical School, 1150 West Med-
ical Center Dr., Ann Arbor, MI 48109-0632. Phone: (734) 515-6565.
Fax: (734) 763-4450. E-mail: iniguez@umich.edu.

6040



of synergy. Recently, Liu et al. (27) discovered an important
role for the DBD dimer interface in restraining steroid recep-
tor synergy. Disruption of this interface, although deleterious
for receptor activity at a single site, leads to a marked enhance-
ment of activity at compound HREs (27). In addition, N-
terminal determinants may also participate to restrain synergy.
In contrast to GR, the closely related mineralocorticoid recep-
tor (MR) displays weak synergy, and this difference maps to
the N-terminal region. Moreover, deletion of the N-terminal
regions of GR and MR produces equally strong and highly
synergistic activators. This suggests that the N-terminal regions
of MR (and to a lesser extent of GR) interfere with synergy
(27, 40).

The characterization of many different transcription factor
families indicates that in addition to DBDs and transcriptional
activation regions, many regulators harbor “negative” regula-
tory functions. Deletion of such silencing, attenuator, or neg-
ative domains enhances transcriptional activation. Although
some do function as bona fide repression domains by actively
repressing transcription, the mode of action of these seemingly
disparate regions remains obscure. Through our analysis of the
N-terminal transcriptional regulatory region (AF1) of GR, we
have now identified a novel synergy control motif (SC motif)
that underlies the function of the negative regulatory regions
of multiple transcription factors. These motifs operate not by
affecting the intrinsic activity of an activator, but by regulating
their ability to synergize at compound response elements. We
define here the functional determinants of these SC motifs and
explore their mechanism of action.

MATERIALS AND METHODS

Mammalian expression plasmids. The plasmids p6RGR and p6RGRN525
(14) allow the expression of full-length rat GR and a deletion lacking amino acids
526 to 795, respectively. The original collection of multiply substituted AF1
mutants has been described previously (20). Digestion of a pBluescript derivative
harboring an 860-bp BglII-PstI GR fragment with SmaI and Bsp120I, blunting,
and religation produced a precise deletion of amino acids 310 to 317 that was
then transferred as a 681-bp BstXI-PstI fragment into the same sites of p6RGR.
Some individual amino acid changes were introduced by site-directed mutagen-
esis (23) and confirmed by sequencing. The K297E/I312T double mutant was
transferred to the DBD dimer interface mutants p6RGR R479D and p6RGR
D481R (27) as a 634-bp NcoI-ApaI fragment. The above plasmids as well as the
empty (pS6R) and control b-galactosidase (p6R-bgal) (36) expression vectors
are Rous sarcoma virus promoter-driven derivatives of p65. The human AR
K385E, K518E, and K385E/K518E mutants were engineered into the pCMV5
derivative p5HBhAR-A (a kind gift of D. Merry, University of Pennsylvania) by
PCR and confirmed by sequencing. The human ETS-1 K15E, K227E, and K15E/
K227E mutants were obtained in a similar manner from pSG5hETS-1 (44).

To generate the Gal4 DBD fusion constructs, p6RGR was PCR amplified with
oligonucleotides 59cgcgaagcttggatccagcagtgtggcactgcccc39 and 59ctcggaattcgcggc
cgcttaagatctaaagcttgcctgacaataaactgggcc39, and the product was digested with
enzyme pairs BamHI and BglII or BamHI and NotI (filled in). The resulting
fragments were ligated to pGal4(VP16)2 (11) that had been digested with
BamHI or BamHI and XbaI (filled in). This yielded pGal4(SC)2(VP16)2 and
pGal4(SC)2, respectively. In these constructs, rat GR amino acids 287 to 327 are
placed between the Gal4 DBD and the tandem VP16 activation domains or fused
to the Gal4 DBD alone, respectively. The corresponding derivatives with mutant
SC motifs were constructed identically. Coactivator expression plasmids
pSG5.HA-GRIP1 and pSG5.HA-SRC-1a have been described previously (5).

Reporter plasmids. Reporter plasmids were constructed by inserting double-
stranded oligonucleotides or PCR products harboring response elements at the
indicated site(s) (in parentheses) of the basal reporter pDODLO. This positions
the elements upstream of the minimal Drosophila distal alcohol dehydrogenase
promoter (233 to 155) and the luciferase gene. The inserts for the different
reporters are as follows: pDTAT1-Luc, gtcgagcTGTACAGGATGTTCTAGCT
ACgtcgac; pDTAT2-Luc, gtcgacatcagaatacagacctcAGAACATCCTGTACAgacc
tcAGAACATCCTGTACAacctcgtcgac; pDTAT3-Luc, gtcgacGTAGCTAGAAC
ATCCTGTACAGctcgacCTGTACAGGATGTTCTAGCTACgtcgagCTGTACA
GGATGTTCTAGCTACcagctc; pDTAT2-16, gtcgacgacgtcTGTACAGGATGT
TCTaTGTACAGGATGTTCTgtcgag; pDTAT2-21, gtcgacgacTGTACAGGAT
GTTCTactagtTGTACAGGATGTTCTaacgactgtcgac; pDTAT2-26, gtcgacgacT
GTACAGGATGTTCTactagtaacgaTGTACAGGATGTTCTaacgatgtcgac; pDT
AT1/4S, gtcgacggaggtcTGTACAGGAaTGTTCTgatgtcgac; pDTAT3/4S, gtcgacg
gaggtcTGTACAGGAaTGTTCTgaggtcTGTACAGGAaTGTTCTgaggtcTGTA

CAGGAaTGTTCTgatgtcgac; and pDTAT2-SpeI,NheI, gtcgacgaggtcTGTACAG
GATGTTCTgaggtcTGTACAGGATGTTCTactagtgctagcgtcgac. The SalI site of
pDODLO was used for the above inserts, and the rat TAT gene and HRE
half-site sequences within them are in uppercase and underlined, respectively.
pD(ETS-1)1DLO—aagcttcggccaagccGGAagtgagtgcctgcag (HindIII-PstI)—was
also used, as was pDENDOA-Luc, the 259-bp PCR product from mouse genomic
DNA with primers cagctaagcttcctctgAGGCTTTTGCTGTT and gctagctgcagAA
GTCAGGGGACTGGGAGAT (HindIII-PstI). The genomic sequences are
shown in uppercase. Finally, we constructed pD(Gal4)1DLO (aagcttctcgagCGG
AGGACTGTCCTCCGttgtcgac [HindIII-SalI] and pD(Gal4)2DLO (agctCGGA
GGACTGTCCTCCGttctcgagaaCGGAGGACAGTCCTCCG [HindIII]).

Ligation of the 67- and 118-bp HpaII fragments from pBluescript KS(2) at the
filled-in SpeI and NheI sites of pDTAT2-SpeI,NheI generated pDTAT2 US100
and pDTAT2 US150, respectively. In the reporter pG5E1b-Luc, five Gal4 sites
upstream of the E1b promoter drive expression of the luciferase gene.

Mammalian cell culture and transfections. Monkey CV-1 cells were main-
tained in Dulbecco’s modified Eagle medium (DME H16; GIBCO BRL) sup-
plemented with 7.5% fetal bovine serum. Cells were transfected by the calcium
phosphate precipitation method (Fig. 2 only) (20) or by liposome-mediated
transfection as follows: 3 3 104 cells were seeded in 24-well plates (0.4 ml) 24 h
prior to transfection. At a 1:1 L-a-dioleoyl phosphatidylethanolamine (DOPE)/
1,2-dioleoyl-3-trimethylammonium propane (DOTAP) ratio, liposomes (16)
were incubated with 0.45 mg of total plasmid DNA (15 nmol of DOTAP/mg of
plasmid) for 15 min at room temperature and added to the cells (50 ml). After
overnight incubation, cells were washed with phosphate-buffered saline and
further incubated for 24 h in medium supplemented with 7.5% charcoal-stripped
serum in the presence of agonist or vehicle (0.1% ethanol). Where indicated,
Lipofectamine (2 ml) and Plus reagent (2 ml) (GIBCO BRL) were used instead
of DOPE and DOTAP liposomes. Luciferase and b-galactosidase activities were
determined as described previously (20). In addition to the plasmids indicated in
the figure legends, all transfections included 0.25 mg (Ca-PO) or 0.05 mg (lipo-
fection) of the p6Rb-gal control plasmid and sufficient carrier DNA (pBlue-
script) to achieve a total of 4.25 mg (Ca-PO) or 0.45 mg (lipofection) of DNA. For
all of the mutants described, no effect was observed in the absence of agonist, and
in some cases, only the data in its presence are shown.

Electrophoretic mobility shift assays. In vitro transcription and translation
reactions (SP6; Promega TNT) were programmed at a 1-mg/ml final concentra-
tion with empty pSP64T [a pSP64 derivative harboring 59 and 39 untranslated
b-globin sequences, including a 23-bp poly(A) tract, downstream of the SP6
promoter], pSP64T-N795, or pSP64T-N795 K297E/K313E. These plasmids were
constructed by inserting a 2,541-bp BamHI fragment from the corresponding
p6RGR derivatives at the BglII site between the 59 and 39 b-globin sequences of
pSP64T. Expression was confirmed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and immunoblotting with the antibody BuGR-2 (12). For binding
reactions, reticulocyte lysates (4 ml) were mixed with 3 ml of reaction mix [40 mM
HEPES (pH 7.9), 140 mM KCl, 33.3% glycerol, 14.7 mM MgCl2, 10 mM dithio-
threitol, 33.3 mg of poly(dI-dC) per ml, 1 mM the double-stranded blunt-ended
nonspecific oligonucleotide (59ctctcgccctcgtcgcccacgtggcgtcggc39)] and preincu-
bated for 20 min at 4°C. Reactions (20 min, 24°C) were initiated by the addition
of 3 ml of DNA mixture containing approximately 1 nM 32P-labeled double-
stranded TAT1 oligonucleotide at 3 3 106 cpm/pmol and the indicated concen-
trations of unlabeled TAT1 or TAT2 competitor DNA. The reactions were then
resolved at room temperature on a prerun (20 min) 0.53 Tris-borate-EDTA–4%
(37.5:1 acrylamide-bisacrylamide) polyacrylamide gel at 200 V. Bound and free
species were quantitated without drying with a PhosphorImager (Molecular
Dynamics). The TAT1 probe was prepared by annealing oligonucleotides 59ccg
ggcgttgcCTGTACAGGATGTTCTAatctgag39 and 59gatcctcagatTAGAACATC
CTGTACAGgcaacgc39 and radiolabeling (a-[32P]dCTP) with the Klenow frag-
ment of RNA polymerase. The TAT2 competitor, an 87-bp HindIII-XbaI
fragment of pDTAT2-Luc (59aagcttgcatgcctgcaggtcgacatcagaatacagacctcAGAAC
ATCCTGTACAgacctcAGAACATCCTGTACAacctcgtcgactctaga39) was puri-
fied from a 15% preparative polyacrylamide gel. TAT2 DNA concentrations
were determined by fluorometry in the presence of Hoechst 33258 with calf
thymus DNA as a standard.

Yeast strains and plasmids. The Saccharomyces cerevisiae strain W303-1a
(MATa ade2-1 trp1-1 ura3-1 leu2-3,112; his3-11,15 can1-100) was grown in min-
imal medium with amino acids and 2% glucose. Plasmid selection was main-
tained by culture in medium lacking the appropriate nutrients. The K297E/I312T
mutations were transferred as 1,163-bp NcoI-SphI fragments from the p6RGR
version into pRS314 G-N795 (Trp1, CEN/ARS) putting them under the control
of the constitutive yeast glyceraldehyde-3-phosphate dehydrogenase promoter
(24). The 2mm Ura3 reporter plasmids pUCDSS, pUCDS1Gs3, pUCDS2X3S,
and pDS26X (59) consist of a minimal CYC-1 promoter linked to no HREs, a
single perfectly palindromic HRE, two perfectly palindromic HREs, or three
copies of the HRE from the TAT gene, respectively, and drive the expression of
the Escherichia coli lacZ gene. The 2mm Leu2 GRIP1 expression plasmid
pGAD424-GRIP1 has been described previously (10). Cells were cultured for
16 h in the presence or absence of the indicated amounts of deoxycorticosterone
and assayed as described previously (20).
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RESULTS

GR N-terminal mutants with enhanced activity. One of us
previously generated a library of mutants designed to contain
multiple random substitutions (12 on average) throughout the
AF1 region (amino acids 108 to 317) of rat GR and through a
genetic screen identified critical residues within a small central
subregion (amino acids 219 to 234) essential for transcriptional
activation (20). Unexpectedly, during the characterization of
mutants with substitutions outside of the critical activation
region, we identified two with enhanced activity (Fig. 1). Mu-
tants AF1-27III and AF1-30III are 12- and 3-fold more active
than the wild-type (WT) receptor at a compound HRE (three
copies of a tyrosine aminotransferase gene HRE, TAT3).
These mutants harbor eight and four substitutions, respec-
tively, C terminal to the previously defined activation function.
Notably, for both mutants, the effect is recapitulated by three
(K297E/F303S/I312T; AF1-27IIIB) or two (Q295H/K313E;
AF1-30IIIB) substitutions present within the last 24 residues of
AF1 (Fig. 1).

The enhanced activity is due to an increase in synergy at
compound HREs. At a compound HRE, both the intrinsic
receptor activity and the ability of adjacently bound receptors
to synergize contribute to the final response. To explore

whether the mutations affect either property, we generated
agonist dose response curves for either single (TAT1) or com-
pound (TAT3) HREs. At the compound HRE (Fig. 2, right),
the AF1-27IIIB mutant displayed enhanced activity compared
to the WT throughout the dose response. Half-maximal stim-
ulation, however, occurred at the same agonist concentration.
Thus, it is likely that the mutations render GR a more effective
activator without altering ligand binding. If this were due to a
higher intrinsic activation potential, the activity at a single
HRE should also be enhanced. On the contrary, the mutant
was indistinguishable from the WT at the TAT1 reporter (Fig.
2, left). These surprising results indicate that rather than in-
creasing the expression or intrinsic activity of the receptor, the
mutations enhance the ability of individual receptors to engage
in synergy. Thus, the ratio of activities at TAT3 and TAT1, an
index of synergy, is 9.7 for the WT receptor, whereas for the
mutant, it reaches 61.5. This effect was preserved across a wide
concentration range of expression plasmid, suggesting that it is
unlikely to be due to a relief of squelching (data not shown).

A short motif defines a synergy control domain. To define
the determinants responsible for the enhanced synergy pheno-
type, we characterized the individual substitutions present in
mutants AF1-27IIIB and AF1-30IIIB as well as additional mu-
tations in this region. The analysis at single or compound
HREs (Fig. 3) coupled with sequence comparison across spe-
cies revealed that the substitutions that enhance synergy lie
within two copies of a conserved motif. This short SC motif has
the form (I/V)K(T/Q)E and is preceded within three residues
by a Pro residue (Fig. 3). For the second motif, replacement of
Ile 312 at the first position with Val, which is found in other
species and in the first motif, has no consequences. Thr or Asn
substitutions, however, cause a two- to threefold enhancement
in activity. At the second position, replacing Lys with Glu in
either the first or second motif yields a more pronounced four-
to fivefold effect. Interestingly, Lys features other than charge
are important, since Arg substitutions at this position are
equally disruptive (see below). A Glu315Gly substitution at the
fourth position of the second motif causes a twofold increase,
whereas deletion of the entire motif enhances activity three-
fold. Other substitutions outside of the motifs (Q295H and
F303S) are without effect. The two motifs cooperate function-
ally, since double mutants lead to a much more pronounced 8-
to 12-fold effect. This is why the original AF1-27III mutant

FIG. 1. AF1 mutants that enhance activity map C terminal to the activation
function. CV-1 cells were transfected with the reporter plasmid pDTAT3-Luc
(0.2 mg) and vectors for the expression of full-length GR (0.02 mg), either WT or
containing segments (in black) from mutants 27 (top) or 30 (bottom) in an
otherwise WT background. Cells were treated with vehicle (Veh.) or 10 nM
dexamethasone (DEX). Left, diagram of the constructs used. The number of
substitutions in each construct is shown in parentheses. The critical region for
transcriptional activation is boxed in gray. The boundary between regions IIIA
and IIIB lies at amino acid 289. Right, activity relative to that of the WT. Data
are the averages of three to four independent transfections performed in tripli-
cate and are normalized to the WT activity in the presence of dexamethasone
(2.0 3 105 U). In this and other figures, the measure of dispersion used is the
standard error of the mean.

FIG. 2. Enhanced activity mutations cause increased agonist efficacy at a
compound, but not at a single HRE. CV-1 cells were transfected by the calcium
phosphate method with 2 mg of reporter plasmid pDTAT3-Luc (right) or
pDTAT1-Luc (left) and 0.2 mg of pS6R (Vector), p6RGR (WT), or p6RGR
27IIIB (27 IIIB) and treated with the indicated concentrations of dexamethasone
(DEX). Data represent the averages of three independent transfections per-
formed in duplicate and are expressed as a percentage of the maximal WT
activity: 9.6 3 104 U for TAT1 and 9.4 3 105 U for TAT3.
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(K297E/I312T) has a more dramatic effect than AF1-30III
(K313E). None of the alterations influenced receptor activity
at a single site (Fig. 3) or in the absence of hormone (not
shown). Taken together, these results indicate that many dif-
ferent substitutions are effective, implying that the normal role
of the motifs is to restrain synergy and that the mutations
disable their function.

SC motifs are functional in other factors and operate at
natural response elements. By examining other steroid recep-
tors, we identified several SC motifs throughout their other-
wise very divergent N-terminal regions: four in MR, two in AR,
a single one in the progesterone receptor (PR), and none in
the estrogen receptors a and b (see Fig. 5A). In the case of
AR, disruption of either motif led to a two- to threefold en-
hancement at TAT3 and together yielded a fivefold increase in
activity (Fig. 4A). As for GR, the mutations had no significant
effect at a single HRE. Similarly, when analyzed in the context
of an MR construct lacking motifs 1 and 4, Lys-to-Glu substi-
tutions in motifs 2 and 3 enhanced receptor activity at com-
pound HREs (not shown). Interestingly, the motif in PR lies
within and is likely to be responsible for the function of a
recently proposed negative modulation domain (307 to 427 in
human PR). Deletion of this region enhances activity, whereas
its duplication renders PR a very poor activator at compound
HREs (18).

Initial database searching revealed that transcription factors
from other families harbor conserved SC motifs. We identified
two of them in the ETS-1 proto-oncogene: one near the ex-
treme N terminus and another upstream of the DBD, but
outside of the “autoinhibitory” domain (46) (Fig. 5A). To our
knowledge, no function has been assigned to these regions. To
examine their role, we disrupted the motifs individually and in
combination and assayed the mutants at a single high-affinity
binding site (33) or at a natural compound response element

from the Endo-A cytokeratin gene that harbors seven tandem
ETS-1 binding sites (44). As shown in Fig. 4B, the mutations
did not alter the activity of ETS-1 significantly at a single site.
In contrast, either mutation increased the activity at the
Endo-A enhancer and, when combined, yielded a fourfold
enhancement. These results indicate that SC motifs limit syn-
ergy in multiple classes of regulators and that they function at
natural compound elements.

Based on the eight SC motifs we have defined functionally
and by comparing their across-species conservation, we ob-
tained a more refined definition for SC motifs (Fig. 5B). The
core of the motif is composed of an Ile or Val residue at the
first position followed by invariant Lys and Glu residues at
positions 2 and 4. At the third position, a small subset of amino

FIG. 3. SC mutants identify two copies of a short amino acid motif. CV-1
cells were transfected with 0.2 mg of reporter plasmid pDTAT1-Luc (black bars)
or pDTAT3-Luc (hatched bars) and 0.02 mg of expression plasmids for WT
full-length GR or the indicated mutants. Cells were treated with 10 nM dexa-
methasone and assayed as described in Materials and Methods. At left is a
diagram of the location and sequence of the relevant region with the motifs
boxed. The mutations tested are shown below. Data represent averages of three
to four independent transfections performed in triplicate and are expressed as a
percentage of the WT activity: 7.6 3 104 U for TAT1 and 2.7 3 105 U for TAT3.

FIG. 4. Effect of SC mutations in various activators. CV-1 cells were trans-
fected with the indicated plasmids and assayed as described in Materials and
Methods. (A) AR. Cells were transfected with 0.2 mg of pDTAT1-Luc (black
bars) or pDTAT3-Luc (hatched bars) and 0.2 mg of either p5HBhAR expression
plasmid or the indicated mutants and treated with vehicle (Veh.) or 100 nM
dihydrotestosterone (DHT). Data from four to eight independent transfections
performed in triplicate are expressed as a percentage of the activity of the WT at
TAT3 in the presence of DHT (4.5 3 104 U). (B) ETS-1. Cells were transfected
(Lipofectamine) with the indicated amounts of pSG5 ETS-1 or the indicated
mutants and 0.1 mg of pD(ETS-1)1DLO (left) or pDENDOA-Luc (right). Data
are expressed as fold induction over reporter alone (1.6 3 103 and 5.3 3 103 U,
respectively) and represent three independent transfections performed in qua-
druplicate. (C) Gal4-VP16 fusions. Cells were transfected with 0.1 ng of the
indicated Gal4 DBD fusion proteins and 0.1 mg of reporter plasmids harboring
either one, [pD(GAL4)1DLO], two [pD(GAL4)2DLO], or five (pG5E1b) Gal4
sites. Data are the average of four replicates from a representative experiment.
Similar results were obtained in three other transfections using other amounts of
the activators. (D) GR N525 derivatives. Cells were transfected with 0.2 mg of
reporter plasmid pDTAT1-Luc or pDTAT3-Luc and 0.1 mg of expression plasmid
p6RGR N525 derivatives. Data represent the average of three independent
transfections performed in quadruplicate.
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acids can be accommodated. In addition, a Pro residue is
usually present within the four or five residues preceding or
following the core of the motif. In fact, in most cases both
upstream and downstream, Pro residues are present. The ad-
ditional motifs in MR and PR (Fig. 5B) match the consensus
and hence are likely to be functional.

A search for the occurrence of SC motifs in the SwissProt
database revealed that it appears at a frequency of 3.1% of
protein sequences (SwissProt release 38). This value is mar-
ginally higher than the predicted random occurrence (2.7%).
Notably ;20% of them are transcriptional regulatory factors.
This fraction reaches 63% (38 of 60 matches) if the search is
restricted to human proteins with motifs having both upstream
and downstream prolines. Furthermore, in many cases, the
motifs, but not the adjacent sequences, are conserved in dif-
ferent species, suggesting a selective pressure for their main-
tenance. For example, several orphan intracellular receptors
(ERRa, -b and -g, OR-1, TR-2, RORb, and SF-1), as well as
other factors, like SREBP-1 and multiple members of the SOX
family of developmental regulators (SOX 1, 2, 3, 9, 10, and 11),
harbor conserved SC motifs (Fig. 5A). Notably, for several
factors across multiple activator classes, like PR, Sp3, C/EBPε,
and c-Myb, the motifs reside in demonstrated negative regu-
latory regions (1, 9, 18, 54). Since these negative regions were
defined at compound response elements and share several
properties (addressed in Discussion) with the motifs we have
described, it is likely that rather than being conventional re-

pression domains, they represent examples of synergy control.
Taken together, these results suggest that SC motifs are critical
elements of a general mechanism to control the synergy of
regulators at compound response elements. By using GR as a
paradigm, we have begun to define the features of both the
regulator and the response element required for appropriate
control of synergy and to dissect the underlying mechanisms.

SC motifs limit synergy autonomously without altering in-
trinsic DNA binding. Our analysis of multiple activators indi-
cates that SC motifs function in different contexts and are
required for appropriate synergy control. For a sufficiency test,
we incorporated a small region of GR encompassing both SC
motifs into the synthetic activator Gal4(VP16)2. As shown in
Fig. 4C and observed previously (11), Gal4(VP16)2 displays a
high degree of synergy. Introduction of the WT SC motifs,
however, is sufficient to selectively reduce activity at compound
but not single Gal4 sites. This effect requires functional SC
motifs, since disabling mutations in them restore synergy (Fig.
4C). Notably, when fused to the Gal4 DBD alone, both the WT
and mutant motifs failed to activate or repress transcription
directly (not shown). These fusions, however, retained DNA
binding, since they were able to displace Gal4(VP16)2 (not
shown). Furthermore, in contexts in which GR functions as a
repressor of other factors, like AP-1 or NF-kB, disruption of
the SC motifs has no consequences (20; data not shown). Thus,
SC motifs are transcription regulatory sequences that operate
unlike conventional repression regions; they are silent on their
own, but limit the degree of synergy mediated by an indepen-
dent activation function.

Two such functions (AF1 and AF2) have been identified in
GR. Removal of the LBD and its associated AF2 function by
truncation at position 525 generates a ligand-independent ac-
tivator that relies on AF1 for function. Although this derivative
displays substantial synergy (TAT3/TAT1 ratio of ;20), it is
insensitive to disruption of the SC motifs (Fig. 4D). On the
other hand, although disruption of AF1 by three clustered
substitutions reduces full-length receptor activity (20), inacti-
vation of the SC motifs in this context still enhances synergy
(not shown). Hence, it appears that the SC motifs limit synergy
emanating from activation functions other than AF1. Together
with the data presented above, this implies that the effect of SC
motifs may be restricted to a subset of activation functions that
include VP16, one or more activation functions in ETS-1, and,
likely, the AF2 (but not AF1) of steroid receptors.

One of the proposed mechanisms for synergy is cooperative
binding to compound sites (49, 55). In fact, GR displays a
substantially higher apparent binding affinity for a pair versus
a single binding site, especially when the sites are closely po-
sitions on the same side of the DNA helix (43). We therefore
examined the effect of SC motif mutations on the ability of GR
to bind to single or compound response elements. As shown in
Fig. 6, the apparent affinity of the receptor to a pair of sites
spaced by 21 bp is substantially higher than the affinity for a
single copy. Notably, disruption of the SC motifs did not sig-
nificantly alter this behavior, even though it enhanced activity
at this specific compound element (see below). These results
suggest that the mutations do not alter the intrinsic DNA
binding properties of the receptor, and therefore SC motif
function is likely to involve events subsequent to DNA recog-
nition.

Synergy control is functional at various compound HRE
configurations. For both natural and synthetic enhancers, the
extent and direction of functional interactions between regu-
lators can depend strongly on specific spatial relationships be-
tween their binding sites (13, 22, 35). We thus explored the
consequences of varying a number of binding site parameters

FIG. 5. SC motifs in various transcription factors. (A) Solid vertical bars
indicate SC motifs, whereas a bracket indicates regions of demonstrated negative
function. (B) Sequence alignment of functional SC motifs. For each entry, core
motif residues are boxed, flanking Pro residues are underlined, and residues
absolutely conserved in different species or that match the consensus (lower left)
are in uppercase. Motifs found in negative regulatory regions are at right, and
other selected conserved motifs are shown below. r, rat; h, human.
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on the activity of GR bearing either WT or mutant (K297E/
I312T) SC motifs. As seen in Fig. 7A, the phenotype of the
mutant requires more than one binding site and becomes more
prominent as the number of sites is increased. This confirms
that GR’s potential to synergize is restricted and that the
mutations relieve such constraints. We observed similar effects
when using a perfectly palindromic site or an HRE derived
from the phosphofructokinase gene instead of the TAT se-
quence (not shown).

The spacing between two adjacent HREs alters their phasing
along the DNA and influences receptor binding and activity
(43). In keeping with previous results, when two HREs are
presented on the same face of the DNA (center-to-center
distance of 21 bp), the receptor activity was highest (Fig. 7B).
When the sites are brought closer or separated by a half-turn

of B-DNA (16- and 26-bp spacing, respectively), and thus put
out of register, receptor activity was reduced. In all cases,
however, disruption of the SC motifs led to enhanced activity
(Fig. 7B). Like for other regulators, the distance between
HREs and the transcription start site influences steroid recep-
tor activity (32, 41). As a pair of HREs is separated from the
TATA box, receptor activity is reduced. Nevertheless, the mu-
tant receptor invariably displayed enhanced activity (Fig. 7C).
Taken together, these results indicate that within the range
examined, the effect of the SC motifs depends neither on the
spacing between binding sites nor on the distance to the TATA
box.

Individual steroid receptor binding sites are composed of
two half-sites separated by 3 bp. DNA recognition involves the
cooperative binding of receptor monomers to each half-site via
a DNA-induced dimerization interface in the DBD. Increasing
the spacing to 4 bp severely compromises WT and mutant
receptor activities at a single site, presumably by disfavoring
the dimer interface (Fig. 7D). When this site is present in
multiple copies, however, receptor activity is surprisingly high
and approaches that of the receptor at the compound HRE
with the appropriate 3-bp spacing (Fig. 7D). This is consistent
with the observation that disruption of the DBD dimer inter-
face via receptor mutations strongly compromises activity at a

FIG. 6. DNA binding by GR is not affected by SC mutations. (A) In vitro
transcription-translation reactions (3 ml) programmed with empty vector or vec-
tors for the expression of either WT or K297E/K313E full-length GR were
analyzed for receptor expression by immunoblotting with the monoclonal anti-
body BuGR-2. (B) Electrophoretic mobility shift assays were performed as
described in Materials and Methods in the absence (Probe) or presence of
reticulocyte lysates harboring no receptor (Vector), full-length WT GR, or the
K297E/K313E mutant. The positions of the free TAT1 probe and GR-DNA
complex are shown to the left. (C) Electrophoretic mobility shift assays were
carried out with lysates containing WT receptor (squares) or the K297E/K313E
mutant (circles) as in panel B in the presence of the indicated concentrations of
unlabeled DNA harboring one (TAT1 [open symbols]) or two (TAT2 [solid
symbols]) receptor binding sites (21-bp spacing). No competition was observed
with a nonspecific oligonucleotide. Data represent the average of three to four
independent experiments and are expressed as a percentage of the maximal
binding observed. This value did not exceed 5% of the total amount of labeled
probe and was comparable to the binding observed in the absence of cold specific
competitor.

FIG. 7. Comparison of the effects of SC mutations on GR activity at report-
ers with various numbers, spacings, and locations of GR binding sites. GRE, GR
element. CV-1 cells were transfected with 0.02 mg of the expression plasmid
p6RGR (WT) or p6RGR K297E/I312T (Mutant) and 0.2 mg of the following
reporter plasmids: pDODLO, pDTAT1-Luc, pDTAT2-Luc, and pDTAT3-Luc
(A); pDTAT2-16, pDTAT2-21, and pDTAT2-26 (B); pDTAT2-Luc, pDTAT2-
US100, and pDTAT2-US150 (C); and pDTAT1-Luc, pDTAT3-Luc, pDTAT1/4S,
and pDTAT3/4S (D). Cells were treated with vehicle or 10 nM dexamethasone
and assayed as described in Materials and Methods. Data represent averages of
3 to 11 independent transfections performed in triplicate. The ratio of mutant
over WT activity is indicated above each set of bars.

VOL. 20, 2000 (I/V)KXE IS A SYNERGY CONTROL MOTIF 6045



single site but leads to an enhanced receptor synergy at com-
pound HREs (27). Interestingly, in the context of a 4-bp spac-
ing, mutation of the SC motifs has no enhancing effect. These
results suggest that at certain compound HREs that disfavor
dimerization, a relief from SC may compensate for the loss in
DNA binding. A natural example of this may be the mouse
mammary tumor virus compound HRE. This element harbors
multiple receptor binding sites, but in each case, one of the
half-sites diverges substantially from the consensus. GR activ-
ity at this element is highly synergistic, and SC mutations are
ineffectual in this context (not shown). Taken together, these
results suggest that in steroid receptors, both the SC motifs and
the DBD dimer interface play critical roles in restraining syn-
ergy.

Functional relationship between the synergy control domain
and the DBD dimer interface. The results presented above
indicate that disruption of the DBD dimer interface, like mu-
tations in the SC motifs, leads to increased activity at com-
pound HREs. In contrast to the dimer mutants, however, dis-
ruption of the SC motifs does not affect activity at a single site.
To explore the interaction of both types of mutations, we
examined the effect of DBD dimer interface mutants in the
context of WT or mutant SC motifs. Both crystallographic (28)
and genetic (27) data revealed that complementary salt bridges
between Arg 479 of each monomer with Asp 481 of the oppo-
site partner are integral parts of the dimer interface. As seen in
Fig. 8, disruption of this interface by replacement of Arg 479
with Asp or Asp 481 with Arg leads to a dramatic loss of
activity at a single site. The response of these mutants at a
compound HRE, however, is enhanced compared to that of
the WT receptor (Fig. 8, top) (27). Although each substitution
disfavors homodimerization, the reciprocal nature of the salt
bridges suggests that the two mutant receptors could reestab-
lish a dimer interface through heterodimerization. In fact,
when both mutant receptors are coexpressed, receptor activity

is restored at a single site and synergy is reduced to WT levels
at the compound HRE (Fig. 8, top) (27). These results show
that, like for the SC motifs, disruption of the dimer interface
leads to a loss of synergy control. The same series of experi-
ments, but in the context of mutant SC motifs (Fig. 8, bottom),
indicated that at a single site, the SC motifs have no effect on
their own and they do not affect the behavior of the dimer
mutants (Fig. 8, bottom left). At the compound HRE, and
similar to the dimer mutants, disruption of the SC motifs
causes an enhancement of activity. Combination of both types
of mutations, however, does not lead to any additional en-
hancement (Fig. 8, bottom right).

Thus, it appears that appropriate synergy control requires
both the SC motifs and a WT dimer interface. Moreover, since
the SC motif and dimer interface effects are not additive, it is
likely that they involve common or converging mechanisms.

Synergy control requires additional factor(s), but does not
alter receptor sensitivity to p160 coactivators. Reconstitution
of a regulatory pathway in a heterologous system is a powerful
approach to the identification and characterization of its com-
ponents. We therefore examined whether the function of the
SC motifs can be recapitulated in S. cerevisiae. In contrast to
their behavior in mammalian cells, disruption of the SC motifs
has no detectable phenotype in yeast (Fig. 9A). Given that the
SC motifs in GR appear to target synergy afforded by the LBD,
we examined whether sensitivity to the SC motifs in yeast could
be restored by coexpression of the AF2 coactivator GRIP-1. As
shown in Fig. 9B, however, this is not the case, suggesting that
additional components may be required for SC motif function.
Consistent with this idea, the activity of both the WT and
mutant receptors was enhanced in mammalian cells by coex-
pression of GRIP-1 (Fig. 9C) and SRC-1a (not shown), sug-
gesting that the motifs do not alter the sensitivity of the recep-
tor to these p160 coactivators. Taken together, these results
suggest that the effect of SC motifs is not an intrinsic property

FIG. 8. Functional interaction between the DBD dimer interface and SC motifs. CV-1 cells were transfected with 0.2 mg of reporter plasmid pDTAT1-Luc (left)
or pDTAT3-Luc (right) and 0.02 mg of expression plasmids for WT full-length GR or the indicated mutants (Mut). Coexpression was performed with 0.01 mg of each
mutant expression plasmid. The top and bottom panels represent the effect of dimer mutants in the context of WT and the K297E/I312T mutant, respectively. Cells
were treated with 10 nM dexamethasone and assayed as described in Materials and Methods. Data represent averages of three to seven independent transfections
performed in triplicate and are expressed as a percentage of the corresponding WT activity: 4.7 3 104 U for TAT1 and 2.6 3 105 U for TAT3.
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of the receptor, but rather, the expression of this regulatory
feature requires an appropriate cellular environment.

DISCUSSION

Synergy as a target for regulation. We have uncovered a
novel functional region defined by one or more copies of a
short amino acid motif that restrains the ability of regulators to
engage in synergy. Importantly, these SC motifs influence nei-
ther the intrinsic transcriptional activation nor the DNA bind-
ing properties of the activator. SC motifs appear to be devoid
of intrinsic activation or repression properties and map to
regions other than activation functions. This reveals that fea-
tures involved in controlling synergy are distinct from tran-
scriptional activation per se. Like activation functions, how-
ever, these motifs cooperate functionally and can be
transplanted to heterologous proteins. These features, coupled
with their ability to operate in many compound response ele-

ment configurations, make SC motifs well suited for the gen-
eral control of transcription factor synergy.

SC motifs as a common feature of many negative regions.
SC motifs occur frequently within documented negative regu-
latory regions of numerous transcription factors and may ac-
count for a number of functional differences among members
of individual families. In the cases we have explored and de-
scribe below, several common features point toward the im-
portance of SC motifs and suggest that a common synergy
control mechanism participates in the function of these seem-
ingly disparate regions.

(i) Steroid receptors. To our knowledge, SC motifs are the
first example of a regulatory function that can be assigned to a
common primary structure feature within the otherwise highly
divergent N-terminal regions of steroid receptors and may
account for some of their distinct properties. For example, the
presence of four SC motifs in MR versus only two in GR
correlates with the considerably weaker synergy of MR (27,
40). For genes in which receptor synergy plays a major role,
this difference may contribute to receptor selectivity. Similarly,
the single motif found in PR lies within and is likely to be
responsible for the function of a recently proposed negative
modulation domain (307 to 427 in the human PR). Deletion of
this region enhances activity, whereas its duplication renders
PR a very poor activator at compound HREs (18).

(ii) Sp1 family. Sp1 and Sp3 are related factors that recog-
nize similar DNA sequences and harbor glutamine-rich acti-
vation domains. Curiously, although Sp3 displays activity at a
single site, it fails to activate at compound response elements,
suggesting a compromised ability to engage in synergy. Dennig
et al. (9) demonstrated that a negative regulatory region
unique to Sp3 restricts its activation domains. A single SC
motif resides in this region, and deletions or mutations within
the SC motif relieve inhibition and render Sp3 a potent acti-
vator at compound Sp1 sites (9).

(iii) Myb family. Several parallels can also be established in
the case of the Myb family. The two SC motifs in c-Myb map
to the C-terminal region and lie within a negative regulatory
domain absent in the viral oncogenic forms and in certain
tumor-derived cell lines (48, 52). Deletion of this region leads
to enhanced transactivation at compound response elements
and is sufficient for oncogenic transformation (17). As in the
case of GR, these effects are not observed in yeast. Similar
negative effects of the C-terminal region have been observed
for the related A-Myb but not B-Myb proteins (34). Strikingly,
the SC motifs in A- and c-Myb are evolutionarily conserved
across multiple vertebrates, but are absent in B-Myb.

(iv) C/EBP family. Similarly, within the C/EBP family, an
attenuator domain in C/EBPa has been mapped to a region
between two N-terminal transcription activation functions
(37). This region decreases transactivation in multiple com-
pound promoter contexts and, consistent with our results, does
so without affecting DNA binding. Notably, this region in-
cludes a highly conserved SC motif. In the case of C/EBPε, an
SC motif is located in a similar functional region. Importantly,
mutations within this region that enhance activity (1) map to
the SC motif.

The predictive value of SC motifs is exemplified in our
analysis of ETS-1, since a negative function for the regions
harboring the SC motifs was, to our knowledge, previously
unrecognized. It is unlikely, however, that all matches to the
consensus constitute functional SC motifs. In fact, so far, we
have not detected a functional role for the SC motif in SF-1
(not shown).

For the cases described above, the effects of these seemingly
unrelated negative regions have been examined at both natural

FIG. 9. SC motifs are silent in yeast and do not alter the effect of p160
coactivators. (A) Yeast cells harboring Trp1-based expression plasmids for either
full-length WT GR or the K297E/K313E mutant were transformed with Ura3-
based reporter plasmid harboring no HREs (pUCDSS), a single palindromic
HRE (pUCDS1Gs3), two palindromic HREs (pUCDS2X3S), or three TAT
HREs (pDs26X). (B) Yeast cells harboring the above receptor plasmids and the
pDs26X reporter were transformed with the GRIP1 expression vector
pGAD424-GRIP1 or a control plasmid. Cells were grown in the presence of 10
mM (A) or the indicated amounts (B) of deoxycorticosterone (DOC) and assayed
as described in Materials and Methods. The data represent averages of four to
six independent transformants. (C) CV-1 cells were transfected by lipofection
with 0.2 mg of pDTAT3-Luc, 0.02 mg of p6RGR WT or K297E/K313E, and 0.1
mg of a mixture of pSG5 vector and the indicated amounts of pSG5.HA-GRIP1.
Cells were treated with vehicle (Veh.) or 10 nM dexamethasone (DEX) and
assayed as described in Materials and Methods. Data represent averages of three
independent transfections performed in triplicate.
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and artificial compound response elements, attesting to the
generality and relevance of this mechanism. Although effects at
a single site have not been examined in all cases, the striking
similarities strongly suggest that the SC motifs contribute to
the function of these regions, likely by limiting synergy. We are
expanding our analysis to some of these factors and to the
more complex and prevalent functional interactions involving
synergy between different classes of regulators.

Activator functions involved in synergy control. Our analysis
indicates that SC motifs can influence synergy afforded by the
activation functions of multiple factors from diverse families.
SC motif influence is not totally promiscuous, however, since
the N-terminal AF1 function of GR appears to be insensitive.
This is not simply due to its moderately acidic character, since
other “acidic” activators such as VP16 are regulated by SC
motifs, and likely reflects either a different mechanism of syn-
ergy or an intrinsic property of AF1.

The SC motifs identified here can limit synergy when em-
bedded in synthetic activators. Within their natural context,
however, additional features of the specific activator can influ-
ence synergy control. In the case of steroid receptors, the DBD
dimer interface plays an important role, since specific receptor
mutations or noncanonical spacing of half-sites that disfavor
this dimer interface lead to enhanced synergy. Furthermore,
simultaneous disruption of the SC motifs and the DBD dimer
interface produces an effect no greater than that resulting from
altering either one alone. Hence, it is likely that a common SC
mechanism requires both the SC motifs and an engaged DBD
dimer interface for function. These properties would therefore
constrain the effect of SC motifs to multiple, properly dimer-
ized receptor pairs bound to compound HREs. A relationship
between SC motifs and DBDs is also present in the case of
c-Myb, since N-terminal deletions adjacent to the DBD have
phenotypes similar to deletion of the C-terminal negative re-
gion. Furthermore, the DBD and regions adjacent to one of
the SC motifs can interact (8). Whether dimerization per se is
an obligate requirement for SC function, however, awaits fur-
ther examination in other activators.

An SC motif. We have identified eight examples of func-
tional SC motifs in different activators. Sequence comparison
across different species coupled with mutational analysis re-
vealed that a branched aliphatic residue at the first position
followed by invariant Lys and Glu residues at positions 2 and
4 are critical features for SC motif function. Several features
suggest that these motifs are likely to be solvent exposed and
accessible to interactions. First, the SC motif is highly charged.
Second, limited proteolytic cleavage indicates that Glu 295,
within the second motif of human GR, is a preferred V8
cleavage site (B. Darimont, personal communication). Third,
the motif is preceded and/or followed by a Pro residue, and the
sequence in the vicinity of the upstream Pro often varies in size
by a few residues in different species. This suggests that the
motif may lie near the end of secondary structure elements or
within a loop that can tolerate insertions. Fourth, a search of
the PDB structure database revealed that, in seven of the nine
intracellular proteins of known three-dimensional structure
that harbor a match to the motif, it lies within an extended loop
or a b-sheet strand with the conserved charged residues of the
motif exposed to solvent. The propensity of these sequences to
adopt such an exposed configuration is consistent with the view
that these motifs could operate as protein-protein interaction
surfaces.

A model for synergy control. Our characterization indicates
that SC motifs do not alter intrinsic DNA binding and that they
fail to function in S. cerevisiae. In addition, they are functional
in a wide variety of contexts and affect multiple activation

domains. These observations and similar ones from other neg-
ative regulatory regions harboring SC motifs suggest that SC is
unlikely to be due to a direct intramolecular interaction.
Rather, they suggest that additional cellular factors are in-
volved. One possibility is that a synergy control factor (SCF) is
recruited to compound HREs by recognizing SC motifs when
presented in the appropriate context of compound response
elements (Fig. 10). The selective effect of such a factor at
compound sites could be the result of its multivalent binding to
adjacently bound regulators. In this model, mutations in the
SC motifs would prevent interaction with SCF and thus lead to
constitutive high levels of synergy (Fig. 10). Consistent with
this idea, overexpression of the C-terminal Myb domain (50)
and C/EBPε negative region (1) enhances the activity of the
respective proteins at compound sites, possibly by titrating
SCF or other components. Successful competition, however,
has not been achieved with Sp3 (9) or GR (not shown). We are
currently searching for SC motif interacting factors.

The mechanisms involved in synergy, especially those involv-
ing steps subsequent to DNA binding, are not well understood,
but effects beyond DNA binding imply the alteration of the
transcription complex (53). An SCF could thus interfere with
or favor the disassembly of an active transcription complex. SC
motif function, however, does not appear to involve an alter-
ation in the sensitivity to certain coactivators. Both GRIP1 and
SRC-1 enhance the activity of the WT and mutant GR. Simi-
larly, disruption of the SC motif in Sp3 does not alter the
interaction of the glutamine-rich regions with TAF 110 (9).

The recruitment of cofactors to sequence-specific regulators
via short amino acid motifs has already been observed in the
case of the interaction of the p160 class of coactivators with the
LBD of steroid receptors (7) or CREB and CREB-binding
protein (39). Furthermore, the function of SC motifs could
also be regulated through specific posttranslational modifica-
tions. The critical Lys at position 2 could be the target of
acetylation or ubiquitination, especially since Arg is not func-
tional at this position. These regulatory modifications have
been recently detected in a number of transcription factors (26,
30, 60). Similarly, phosphorylation of Ser 532 immediately
downstream of the second SC motif of human c-Myb attenu-
ates the function of the negative regulatory domain and en-
hances activity at compound response elements (29, 51). To
date, however, we have not detected these modifications within
the SC motifs of GR.

According to this general model, synergy control through SC
motifs may permit the selective deployment or utilization of
functional synergy surfaces of transcription factors at the ap-
propriate promoter context or developmental stage. Synergy
could thus be controlled through the regulation of the activity

FIG. 10. Model for the mechanism of action of SC motifs. Selective recruit-
ment of SCF to compound response elements through interactions with the SC
motifs limits transcriptional activity. See text for details.
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of SC motifs or through the expression and/or function of SCF.
For example, as part of a developmental program, selective
loss of SCF only when a specific tissue reaches a terminally
differentiated state would permit the characteristic high-level
expression of the appropriate set of regulated genes. A similar
effect could be achieved if a given factor harboring SC motifs
is developmentally replaced by a close relative lacking them.

The presence of multiple binding sites for many transcrip-
tion factors at natural regulatory DNA elements coupled with
the combinatorial nature of transcriptional control makes the
potential number of interactions enormous. The SC motifs
described here may constitute an example of cellular regula-
tory devices that, by following simple rules, could limit func-
tional interactions to a more tractable number. Clearly, defin-
ing the rules that govern such higher-order interactions will be
essential to understand and manipulate the regulatory logic of
complex transcriptional systems.
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