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The RFX protein family includes members from yeast to humans, which
function in various biological systems, and share a DNA-binding domain
and a conserved C-terminal region. In the human transcription regulator
RFX1, the conserved C terminus is an independent functional domain,
which mediates dimerization and transcriptional repression. This dimeri-
zation domain has a unique ability to mediate the formation of two
alternative homodimeric DNA-protein complexes, the upper of which
has been linked to repression. Here, we localize the complex formation
capacity to several different RFX1 C-terminal subregions, each of which
can function independently to generate the upper complex and repress
transcription, thus correlating complex formation with repression. To
gain an evolutionary perspective, we have examined whether the differ-
ent properties of the RFX1 C terminus exist in the two yeast RFX pro-
teins, which are involved in signaling pathways. Replacement of the
RFX1 C terminus with those of Sak1 and Crt1, its orthologues from Schi-
zosaccharomyces pombe and Saccharomyces cerevisiae, respectively, and anal-
ysis of fusions with the Gal4 DNA-binding domain, revealed that the
ability to generate the two alternative complexes is conserved in the RFX
family, from S. cerevisiae to man. While sharing this unique biochemical
property, the three C termini differed from each other in their ability to
mediate dimerization and transcriptional repression. In both functions,
RFX1, Sak1, and Crt1 showed high capacity, moderate capacity, and no
capacity, respectively. This comparative analysis of the RFX proteins,
representing different evolutionary stages, suggests a gradual develop-
ment of the conserved C terminus, from the appearance of the ancestral
motif (Crt1), to the later acquisition of the dimerization/repression func-
tions (Sak1), and ®nally to the enhancement of these functions to gener-
ate a domain mediating highly stable protein-protein interactions and
potent transcriptional repression (RFX1).
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Introduction

Typical transcription regulators are composed of
several functional domains, which mediate binding
to DNA, oligomerization, and transcriptional acti-
vation or repression. Such proteins often generate
homo- or heterodimers via their dimerization
domains. Well-characterized dimerization domains
are the leucine zipper motif, found, for example, in
Jun, Fos, and GCN4, and the helix-loop-helix motif
# 1999 Academic Press



122 The Conserved RFX Dimerization/Repression Domain
of MyoD, E12, E47, and others (Jones, 1990;
Baxevanis & Vinson, 1993). Other proteins, such as
Myc and Max, contain both of these motifs. In
most dimeric transcription factors, the dimerization
domain is found adjacent to the DNA-binding
domain (DBD), and generation of a protein dimer
is essential for DNA-binding (Jones, 1990;
Baxevanis & Vinson, 1993). Two protein families
that are exceptions to this rule are the well-charac-
terized nuclear receptors (Fawell et al., 1990;
Mangelsdorf & Evans, 1995; Mangelsdorf et al.,
1995; Perlmann et al., 1996) and the novel RFX pro-
teins (Reith et al., 1990; Emery et al., 1996a), which
contain dimerization domains that are structurally
and functionally independent of the DBDs.

The RFX protein family is highly conserved in
evolution and includes members from yeast, Cae-
norhabditis elegans, mice, and humans (see Figure 1)
(Emery et al., 1996a). RFX1, RFX2, and RFX3, ident-
i®ed in humans and in mice, form stable homodi-
mers or heterodimers with each other (Reith et al.,
1989, 1990, 1994). RFX1, the most ubiquitously
expressed of these proteins, has been implicated in
transcriptional regulation (Reith et al., 1990; Siegrist
et al., 1993). The Schizosaccharomyces pombe RFX
protein Sak1 is a positive mediator of the exit from
the mitotic cell cycle (Wu & McLeod, 1995). Crt1,
the recently identi®ed RFX protein of Saccharomyces
cerevisiae, is a transcriptional repressor, involved in
the response to replication block and DNA damage
(Huang et al., 1998). The RFX proteins share several
conserved regions, including a DNA-binding
domain and the C-terminal B, C, and D regions, all
of which are unique to the RFX family (Reith et al.,
1990, 1994; Emery et al., 1996a,b). Region D of
RFX1 was initially characterized as the dimeriza-
tion domain (Reith et al., 1990). Recently, we have
demonstrated that ef®cient dimerization in cell
extracts requires the B-C region as well, implying
that RFX1 possesses a split dimerization domain
(Katan-Khaykovich & Shaul, 1998). The complex
structure of this domain, which we have termed
Extended Dimerization Domain (EDD), suggested
that it may serve for mediating different types of
interactions. In accordance with this view, we have
detected a novel low-mobility DNA-protein com-
plex, the formation of which was mediated by the
RFX1 EDD (Katan-Khaykovich & Shaul, 1998).
RFX1 binds to several homologous DNA sites,
which are either palindromic, such as the EP
element found in viral enhancers (Ostapchuk et al.,
1986, 1989; Ben-Levy et al., 1989; Dikstein et al.,
1990, Zhang et al., 1990), or non-palindromic, con-
taining only one EP-homologous half-site, such as
the X box of MHC class II promoters (Kouskoff
et al., 1991; Siegrist et al., 1993). All previously
characterized homo- and heterodimeric complexes
of RFX1 are similarly generated with both palin-
dromic and non-palindromic DNA sites (Kouskoff
et al., 1991; Reith et al., 1994; David et al., 1995). By
contrast, the novel up-shifted complex was
detected only with palindromic ones. Interestingly,
while a full deletion of the EDD abolished the up-
shifted complex, partial deletions increased its rela-
tive abundance. Based on our observations, we
proposed the existence of two alternative com-
plexes, which both contain RFX1 homodimers, yet
differ in the nature of the intersubunit interaction,
mediated by the EDD. Since other RFX family
members, such as Sak1 and Crt1, contain
sequences homologous to the B-C-D region of
RFX1 or parts of it, dimerization and the unique
ability to form alternative complexes via the con-
served region may be common features of the RFX
proteins. The properties of the conserved region in
proteins other than RFX1, however, have not been
tested.

RFX1 has been implicated in transcriptional
regulation of viral and cellular genes. Its EP (EF-C)
binding site in the hepatitis B virus (HBV) and
polyomavirus enhancers (Ostapchuk et al., 1989;
Dikstein et al., 1990; Bolwig & Hearing, 1991;
Siegrist et al., 1993; David et al., 1995), as well as
binding sites in the promoters of MHC class II (X
box) (Tsang et al., 1988, 1990; Kouskoff et al., 1991),
ribosomal protein rpL30 (Safrany & Perry, 1993,
1995), and interleukin-5 receptor a5 (Iwama et al.,
1999) genes, are positively acting regulatory
elements in their natural context. However, multi-
mers of the HBV EP site or a homologous site from
the c-myc gene have no stimulatory effect on their
own, demonstrating that the activity of EP is DNA
context-dependent; moreover, these multimerized
binding sites can silence the transcriptional activity
of different enhancers (Weisinger et al., 1988;
Dikstein et al., 1990; Reinhold et al., 1995; Blake
et al., 1996). A negative effect of the EP site was
observed when the p53 response element of the
mdm2 gene was inserted upstream of the HBV
enhancer, resulting in the conversion of p53 from
an activator to a repressor, dependent on the pre-
sence of the EP site (Ori et al., 1998). An RFX1
binding site in the proliferating cell nuclear antigen
promoter was recently implicated in transcriptional
down-regulation (Labrie et al., 1995; Lee et al.,
1998; Liu et al., 1999). RFX1 was shown to stimu-
late transcription from the HBV enhancer, the HBV
NREg site, and the MHC promoter X box, using
overexpression and introduction of antisense DNA
or RNA (Reith et al., 1990; Siegrist et al., 1993;
Siegrist & Mach, 1993; Buckwold et al., 1997). RFX1
can also interact with the c-Abl tyrosine kinase and
stimulate the c-Abl kinase activity (Dikstein et al.,
1992, 1996; Agami & Shaul, 1998). Despite all these
observations, the exact mechanism by which RFX1
regulates transcription remains unclear.

Previously we have demonstrated that RFX1
possesses functionally independent activation and
repression domains, which can counteract each
other's effect (Katan et al., 1997). The fact that the
repression domain overlaps the EDD suggested a
possible link between transcriptional repression
and formation of the novel up-shifted complex
(Katan-Khaykovich & Shaul, 1998). By dissecting
the RFX1 EDD, we now show a correlation
between these two functions, which are both
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mediated by several different subregions within
the EDD. Importantly, the conserved C termini of
Sak1 and Crt1 also mediated the formation of the
up-shifted complex, indicating of structural simi-
larity to the RFX1 EDD. By contrast, the C termini
of RFX1, Sak1, and Crt1 differed from each other
in their ability to mediate dimerization and tran-
scriptional repression, showing high, moderate,
and no capacity, respectively. This analysis sug-
gests that an ancestral motif of unknown function
in Crt1 has evolved into the complex dimeriza-
tion/repression domain of Sak1 and RFX1.
Results

Dimerization properties of RFX1, Sak1, and Crt1

The homology between the C-terminal part of
RFX1, which constitutes the EDD, and other RFX
proteins (Figure 1) suggested that the dimerization
function of this region may be conserved in the
RFX family. In order to examine this, RFX1-derived
chimeric proteins were generated, in which the B-
C-D region of RFX1 was replaced with the con-
served C terminus of its S. pombe homologue Sak1
(RFX1-Sak1) or its S. cerevisiae homologue Crt1
(RFX1-Crt1). This approach allowed us to compare
the dimerization properties of the different C ter-
mini alone, in a similar context; moreover, the gen-
eration of chimeras seemed particularly suitable for
studying the RFX family, since the RFX1 EDD is
known to function independently of the DBD
(Reith et al., 1990). The dimerization status of these
chimeric proteins was assayed by gel shift analysis
of extracts from transfected cells, as previously
described (Katan-Khaykovich & Shaul, 1998), with
two homologous RFX1 binding sites: the palindro-
mic HBV EP element and the non-palindromic X
box half-site. The palindromic nature of the EP
element allows the binding of two RFX1-derived
Figure 1. The RFX family. RFX proteins from man
and mouse (RFX1-5), C. elegans (CeRFX), S. pombe
(Sak1), and S. cerevisiae (Crt1) are shown, according to
Emery et al. (1996a). The RFX1-5 (Reith et al., 1989, 1990,
1994; Steimle et al., 1995), sak1 (Wu & McLeod, 1995),
and crt1 (Huang et al., 1998) genes have been cloned.
The CeRFX gene was identi®ed by a data library search
(Emery et al., 1996a). The DBD and regions B, C, and D
are conserved in the RFX family. The Crt1 sequence
shows clear homology to the DBD and region B, and
only limited homology to parts of regions C and D.
molecules to each probe, regardless of their dimeri-
zarion status. With this probe, the two chimeric
proteins, as well as the wild-type (wt) RFX1 and
the �BCD RFX1 mutant, which lacks the B-C-D
region, all generated dimeric complexes (Figure 2,
lanes 3, 5, 7, and 9). The X box half-site, to which
only one RFX1 molecule can directly bind, was
used to discriminate between stably linked dimers
and free monomers. As previously reported
(Katan-Khaykovich & Shaul, 1998), the wt RFX1
formed only dimeric complexes with the X box
(lane 4), while the dimerization-de®cient �BCD
formed only monomeric complexes (lane 10). The
RFX1-Sak1 chimera generated both dimeric and
monomeric complexes (lane 6), and the RFX1-Crt1
chimera formed only monomeric complexes (lane
8). Therefore, the C termini of RFX1 and Sak1 med-
iate the formation of highly and moderately stable
dimers, respectively, while that of Crt1 shows no
dimerization capacity. The dimerization property
of the RFX C terminus thus shows a hierarchy in
Crt1, Sak1, and RFX1, ranging from none to maxi-
mal capacity.

Formation and stabilization of an up-shifted
RFX1 complex

Since the C termini of the three RFX proteins
showed sequence homology on one hand, but
differential dimerization properties on the other
hand, we attempted to determine whether these
conserved regions share structural or biochemical
properties. One unique property of the RFX1 C ter-
minus is its ability to mediate the formation of an
up-shifted DNA-protein complex. In gel shift anal-
Figure 2. Dimerization properties of the RFX C
terminus. 293T cells were transfected with expression
plasmids of the wt RFX1, �BCD RFX1 mutant, and
RFX1 chimeras substituted with the C termini of Sak1
and Crt1, or mock transfected (mock). Cells were
extracted in the absence of detergents and assayed by
gel shift with the palindromic EP (E) and non-palindro-
mic X box (X) probes. Dimeric (d) and monomeric (m)
complexes are indicated. The free probe was allowed to
run out of the gel.
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ysis of cell extracts, RFX1 generates two major
DNA-protein complexes: the well-characterized
complex a, containing RFX1 homodimers (Herrero-
Sanchez et al., 1992; Siegrist et al., 1993; Reith et al.,
1994), and the recently identi®ed up-shifted com-
plex a* (Katan-Khaykovich & Shaul, 1998). While
complex a is ef®ciently generated with both palin-
dromic and non-palindromic probes, complex a* is
observed only with the palindromic EP site, but
not with X box half-site, and its formation is
dependent on the EDD. To further investigate the
EDD-mediated formation of the up-shifted com-
plex, we wished to de®ne conditions that may
induce the preferential formation of one of these
Figure 3. The effect of detergents on EP complex formati
mids of the RFX1 derivatives shown in (d) or mock transfec
with the EP (E) and X box (X) probes. (a) and (b) Extractio
Triton X-100. The position of complex a* is indicated by an
ition of complex a generated by the wt RFX1 and its deleti
formed by the endogenous RFX1. d, dimer; m, monomer. Th
were extracted in the presence of Triton X-100. A combinat
binding reaction where indicated by �. The positions of the
of DOC/NP-40 are marked as in (a). Complexes marked by
(*m) forms of complex a*, formed in the presence of DOC/N
the same gel. (d) The structure of RFX1 and its deletion muta
complexes. Since the extraction buffer used in our
initial identi®cation of complex a* contained Triton
X-100 (Katan-Khaykovich & Shaul, 1998), while the
detergent-independent extraction protocol used
for the experiment illustrated by Figure 2 did not
generate the up-shifted complex, we examined the
effect of Triton X-100 on complex formation
(Figure 3(a) and (b)). Complex a was generated
using whole-cell extracts prepared in either the
absence or the presence of Triton X-100, whereas
the up-shifted complex a* was seen with the EP
probe only in the presence of Triton X-100
(Figure 3(a), lanes 1-4). A similar result was
obtained with the overexpressed wt RFX1 (lanes 5-
on. HepSK1 cells were transfected with expression plas-
ted (mock). Cellular extracts were analyzed by gel shift
n was performed in the absence (ÿ) or presence (�) of
asterisk (*). Black and gray arrowheads indicate the pos-
on mutants, respectively. Complex a* seen in lane 13 is
e free probe was allowed to run out of the gel. (c) Cells

ion of DOC (0.4 %) and NP-40 (1.2 %) was added to the
endogenous complexes a and a* formed in the absence
open arrows appear to be dimeric (*d) and monomeric

P-40. Lanes 1-4 and 5-20 represent different exposures of
nts lacking the indicated amino acids.
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8). However, upon a long exposure of the gels, a
faint a* band could be detected with the EP probe
even in the absence of detergents (Figure 3(b),
lanXe 3).

RFX1 mutants bearing partial deletions within
the EDD generate complex a* with the EP probe
and a smeary complex with the X box probe,
which appears to be an unstable monomeric form
of complex a*, but do not form complex a (Katan-
Khaykovich & Shaul, 1998). In the presence of
Triton X-100, the �D mutant, deleted in region D,
generated the expected complexes (Figure 3(a),
lanes 9 and 10). By contrast, in the absence of
detergents, �D formed mainly complex a, a higher
dimeric form with the EP probe and a lower mono-
meric form with the X box (lanes 11 and 12). A
highly exposed gel revealed the existence of a rela-
tively faint a* band even in the absence of deter-
gent (Figure 3(b), lane 5). Deletion of the whole B-
C-D region, generating the �BCD mutant, abol-
ished complex a* formation, as previously shown
(Katan-Khaykovich & Shaul, 1998). The �BCD
mutant was not affected by the extraction con-
ditions and generated only a dimer and a mono-
mer of complex a with the EP and X box probes,
respectively, under both conditions (Figure 3(a),
lanes 13-16, and (b), lanes 7 and 8). Collectively,
these results demonstrate a major effect of Triton
X-100 on complex a* formation and suggest that in
its absence most a* complexes are converted into
the a-form. However, Triton X-100 is not absol-
utely required for complex a* formation, since in
the absence of detergent a small fraction of the
RFX1 complexes were of the a* form.

To determine the role of Triton X-100, cells were
extracted in the absence of detergent, and only after
centrifugation and removal of the insoluble
material, the supernatants were supplemented with
Triton X-100. The addition of Triton X-100 to the
supernatants allowed the detection of complex a* in
some experiments (data not shown), indicating that
these extracts contained the components required
for complex a* formation. Therefore, the effect of
Triton X-100 appears to be not in extracting an a*-
essential component but, more likely, in stabilizing
complex a*. This stabilization may be especially
important during the extraction, since the later
addition of Triton X-100 to the extracts was not
always suf®cient for complex a* formation.

Having determined the stabilizing effect of
Triton X-100 on complex a* formation, we turned
to examine stronger detergents, by adding a
combination of sodium deoxycholate (DOC) (0.4 %,
w/v) and Nonidet P-40 (NP-40) (1.2 %, v/v) to
binding reactions performed with our standard
Triton X-100 extracts (Figure 3(c)). Under these
conditions, the up-shifted complex a* was formed
with the EP probe in mock-transfected cell extracts,
migrating slightly faster than normally (lane 2),
and a lower band was seen with the X box probe
(lane 4). Complex a was not detected with either
probe. The X box-bound complex formed in the
presence of DOC/NP-40 is likely to be a mono-
meric form of complex a*, since it resembles the
EP-bound complex a*, and not complex a, in its
response to detergents. The �D mutant behaved
similarly to the endogenous RFX1 and generated
only complex a* with the EP probe and a lower
band with the X box, but not complex a (lanes 6
and 8). Under standard Triton X-100 conditions,
the N-terminally deleted RFX1 derivatives �N1
and �N2 formed a strong complex a and a faint
complex a* (lanes 13, 15, 17, and 19). By contrast,
in the presence of DOC/NP-40 these mutants gen-
erated complex a*, but not complex a, similar to
the endogenous RFX1 (lanes 14, 16, 18, and 20).
While the addition of DOC/NP-40 resulted in the
exclusive formation of the up-shifted complex a*
by all these RFX1 derivatives, �BCD generated
only dimers and monomers of complex a with the
EP and X box, respectively (lanes 10 and 12). This
mutant, de®cient of the entire EDD, was not
affected by either mild detergents (Triton X-100;
Figure 3(a), lanes 13-16) or moderate detergents
(DOC/NP-40; Figure 3(c), lanes 9-12). Collectively,
these results suggests that DOC/NP-40 affects
complex formation by converting complex a into
the a* form. All RFX1 derivatives containing at
least a portion of the EDD formed complex a*
exclusively under these conditions, while �BCD,
which cannot generate complex a* since it lacks the
EDD, continued to generate complex a.

Formation of the up-shifted complex is an
independent property of the RFX1 EDD

Deletion analysis of RFX1 demonstrated that
complex a* formation requires the EDD (Figure 3;
Katan-Khaykovich & Shaul, 1998). However, since
all EP-binding RFX1 derivatives must contain the
RFX1 DBD, using this experimental system we
could not determine whether the ability to generate
the up-shifted complex is an intrinsic property of
the EDD alone. Therefore, we turned to analyze
complex formation in a heterologous system, by
replacing the RFX1 DBD with the DBD of the yeast
Gal4 activator (Figure 4(d), construct 1). The G4-
RFXNC fusion was expressed in cells and assayed
for complex formation in gel shift with the Gal4
binding site probe. This binding site resembles the
EP element and differs from the X box in that it is
palindromic, and Gal4-derived proteins bind to it
as dimers. Since in the Gal4 system complex a*
could not be identi®ed by its differential formation
with palindromic versus non-palindromic sites, the
two alternative complexes were identi®ed on the
basis of their unique response to detergents. When
extraction was performed in either the absence or
the presence of Triton X-100, the Gal4 DBD alone
generated the same single complex (Figure 4(a),
lanes 1 and 2). By contrast, two complexes were
generated by G4-RFXNC, a faster-migrating band
seen in both extraction conditions and a low mobi-
lity band obtained only in the presence of Triton X-
100 (lanes 5 and 6). This pattern of bands was very
similar to that of the endogenous complexes



Figure 4. Formation of an up-shifted complex and transcriptional repression by Gal4-RFX1 fusions. (a) to (c) 293T
cells were transfected with Gal4 derivative expression plasmids (indicated without the G4) or mock transfected
(none), and cellular extracts were analyzed by gel shift with the Gal4 binding site probe. The structure of the Gal4-
RFX1 derivatives is shown in (d), and RFXN-G4-Sak1 is shown in Figure 5. The amounts of transfected constructs
were adjusted to give complexes with comparable intensities. The extracts were subjected to three different detergent
conditions: no detergent treatment (ÿ), extraction with Triton X-100 (t), or extraction with Triton X-100 followed by
DOC/NP-40 addition during the binding reaction (d). The positions of complexes a and a* are indicated by a black
arrowhead and an asterisk (*), respectively. A gray arrowhead marks the complex of the Gal4 DBD. ns, non-speci®c.
The free probe was allowed to run out of the gel. (d) Structure and transcriptional activity of the Gal4-RFX1 fusions.
The structure of RFX1 is shown at the top, with the conserved regions indicated, and the Gal4-RFX1 fusions are
shown below. For constructs 2-5 and 10, the RFX1 residues contained in the fusion are indicated. Construct 1 contains
the whole RFX1 sequence except for the DBD, residues 436-528. Constructs 6-9 were derived from construct 5 by
creating the indicated deletions. A black box represents the Gal4 DBD. The column marked a* represents the capacity
to generate the up-shifted a* complex in response to detergents, determined by the experiments shown in (b) and (c).
The column marked activity represents the transcriptional activity of the Gal4 fusions in transient cotransfections,
according to Katan et al. (1997). HepG2 cells were cotransfected with 2 mg of the indicated Gal4 derivative expression
construct, together with the E5G5-luciferase reporter plasmid, containing ®ve Gal4 binding sites, a c-Jun expression
plasmid (for activating the reporter), and the SV2-b-galactosidase internal control plasmid. The normalized luciferase
activity is shown relative to the basal activity in the absence of a Gal4 derivative. Each result represents the mean of
2-12 independent experiments, as indicated in parentheses.
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formed with the EP probe, the lower band corre-
sponding to complex a, and the higher Triton X-
100-dependent band to complex a*. Therefore,
these results indicate that the formation of the up-
shifted complex does not depend on the RFX1
DBD or on the speci®c sequence of the EP DNA
element.

The Gal4 system was further used for examining
whether speci®c regions of RFX1 can generate
complex a* independently, by fusing these regions
to the Gal4 DBD (see Figure 4(d) for the construct
structure). The N-terminal part of RFX1 could not
generate complex a* (construct 2; Figure 4(a), lanes
7 and 8). The G4-RFXBCD fusion, containing the
whole RFX1 C terminus, generated a strong band
under both extraction conditions, in addition to
higher complexes: a relatively weak band seen
only in the absence of Triton X-100, and a diffuse
complex obtained only in the presence of Triton X-
100 (construct 3; Figure 3(b), lanes 6 and 7). This
Triton X-100-dependent low-mobility complex was
reminiscent of complex a*. In order to verify this,
the binding reaction was supplemented with
DOC/NP-40. While the Gal4 DBD was unaffected
by the different detergents (Figure 4(b), lanes 3-5),
G4-RFXBCD was dramatically affected (lanes 6-8);
in the presence of DOC/NP-40 the lower band dis-
appeared, and the diffuse low-mobility complex
was highly intensi®ed. The behaviour of the com-
plexes generated by G4-RFXBCD under the differ-
ent conditions was similar to that of the
endogenous EP complexes, the lower band seen
with and without Triton X-100 corresponding to
complex a, and the up-shifted complex formed
only in the presence of detergents corresponding to
complex a*. Addition of DOC/NP-40 seemed to
convert the lower complex into the up-shifted one,
as observed with complexes a and a* of the wt
RFX1 (Figure 3(c)). These ®ndings indicate that the
C-terminal part of RFX1 has the intrinsic ability to
generate the up-shifted complex independently.
The diffuse appearance of the up-shifted complex
formed by G4-RFXBCD (Figure 4(b), lanes 7 and 8)
was similar to that of complex a* formed by N-
terminally deleted RFX1 derivatives with the EP
probe (Figure 3(c), lanes 13, 14, 17, and 18), and
was probably due to the absence of the RFX1 N-
terminal sequences. The RFX1 N terminus, which
cannot generate the up-shifted complex by itself
(Figure 4(a), lanes 7 and 8), thus appears to assist
in generating a sharp a* band, perhaps by stabiliz-
ing this complex.

To further localize the speci®c region within the
RFX1 C terminus responsible for complex a* for-
mation, different Gal4-RFX1 fusions were assayed
for ability to generate an up-shifted complex in
response to detergents (Figure 4(b)-(d)). G4-
RFXBC, containing the B-C region of RFX1, gener-
ated a high-mobility and a low-mobility complex
in the absence and presence of Triton X-100,
respectively (construct 4; Figure 4(b), lanes 9 and
10). In the presence of DOC/NP-40 the low-mobi-
lity complex migrated slightly faster (lane 11), as
observed with complex a* formed by the wt RFX1
(Figure 3(c)). G4-RFXD, containing region D of
RFX1, generated a similar pattern of complexes
(construct 5; Figure 4(c), lanes 3-5). Therefore, the
RFX1 sequences contained within these fusion pro-
teins possess the capacity to generate the up-
shifted complex independently. Interestingly, in
the presence of Triton X-100, G4-RFXBC and G4-
RFXD generated only the up-shifted complex
(Figure 4(b), lane 10, and (c), lane 4), while G4-
RFXBCD generated both an upper and a lower
complex (Figure 4(b), lane 7). A similar behaviour
was observed in the original EP system, where the
wt RFX1 formed both complexes a and a*, while
the �D mutant generated only complex a*
(Figure 3(c), lanes 1 and 5; Katan-Khaykovich &
Shaul, 1998). The Gal4 system therefore seems to
mimic the original EP system in the fact that C-
terminally intact RFX1 derivatives form both com-
plexes, while those containing a partial EDD form
only the up-shifted one.

In order to further localize the RFX1 region med-
iating the formation of the up-shifted complex, sev-
eral deletions were introduced into G4-RFXD. The
behaviour of two deleted derivatives was generally
similar to that of the original fusion, although
there was a difference in the level of up-shift in
response to detergents (constructs 7 and 8;
Figure 4(c), lanes 9-14). A third deleted derivative
showed a weaker response to detergents (construct
6; lanes 6-8); however, DOC/NP-40 still gave rise
to an up-shifted complex. A large deletion within
region D nearly abolished the response to Triton X-
100, and only a small up-shift was seen in the pre-
sence of DOC/NP-40 (construct 9; lanes 15-17).
Finally, no response to detergents was seen with a
fusion containing only the extreme C terminus of
RFX1 (construct 10; lanes 18-20).

Although the various Gal4-RFX1 fusions con-
tained only portions of the RFX1 protein, the up-
shifted complex generated by these fusions seems
to correspond to complex a* generated by the wt
RFX1, by several criteria. First, the relatively slow
migration is a typical property of complex a*.
Second, the upper and lower complexes formed by
the Gal4-RFX1 fusions showed the same response
to detergents as complexes a* and a, respectively,
of the wt RFX1. Third, while a Gal4-RFX1 fusion
containing the entire B-C-D region formed both the
upper and the lower complex in the presence of
Triton X-100, fusions containing a partial EDD
formed only the upper complex; the same phenom-
enon was observed with EP-bound derivatives of
the wt RFX1. Collectively, our results indicate that
several different parts of the B-C-D region can
form the up-shifted complex a* independently. The
RFX1 sequences of G4-RFXBC and G4-RFXD have
this capacity, and within region D this property
seems to be found in at least two different parts,
since none of the smaller deletions could comple-
tely abolish the up-shifted complex. To verify that
this response to detergents is speci®c to the
C-terminal part of RFX1, Gal4 fusions of several



Figure 5. Structure and gel shift analysis of Gal4-Sak1
fusions. 293T cells were transfected with expression
plasmids of Gal4 derivatives (indicated without the G4):
3 mg for G4-RFXBCD (structure shown in Figure 4(d))
and 6 mg for the rest. Cellular extracts were analyzed,
and the complexes are marked, as for Figure 4. The
structures of RFX1, Sak1, and the Gal4-Sak1 fusions are
shown, with the conserved regions indicated. The Sak1
residues present in each construct are indicated in
parentheses. RFXN-G4-Sak1 also contains residues 1-435
of RFX1. The last two constructs are truncated deriva-
tives of G4-Sak1, terminated at the indicated residues. A
black box represents the Gal4 DBD.
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heterologous proteins were tested, but these
showed no response to detergents, as demon-
strated for Gal4-Jun (lanes 24-26).

Formation of an up-shifted complex by
Gal4-RFX1 fusions correlates with
transcriptional repression

An analysis of deletion mutants and chimeric
proteins has localized a transcriptional repression
domain to the C-terminal part of RFX1 (Katan
et al., 1997). This repression function has the fol-
lowing properties: (i) it is independent, i.e. it can
be transferred to a heterologous system by fus-
ing RFX1 sequences to the Gal4 DBD; (ii) it is
not localized to a single region within the RFX1
C terminus, but rather several different regions
can repress transcription independently. Since
the ability to generate the up-shifted complex
shares these two properties, we examined a
possible link between complex a* formation and
transcriptional repression by comparing these
functions in each of the Gal4-RFX1 fusions
(Figure 4(d)). The transcriptional activity of each
Gal4 fusion, in transient cotransfections with a
reporter plasmid containing ®ve Gal4 binding
sites, is shown relative to the basal activity in
the absence of a Gal4 derivative. In this system,
the Gal4 DBD, which cannot form complex a*,
induced a mild activation of transcription
(Figure 4(d), construct 11). By contrast, G4-
RFXBCD and each of its derivatives, G4-RFXBC
and G4-RFXD, exhibited a repressive effect (con-
structs 3-5), as previously shown (Katan et al.,
1997). The variations in repression level may be
due, at least partially, to the fact that the three
fusions differ signi®cantly in their intrinsic DNA-
binding capacity (Katan et al., 1997). In particu-
lar, the relatively weak repressive effect of G4-
RFXBC may result from its low DNA-binding
activity. A transcriptional inhibitory effect of the
B-C region was also recently reported (Iwama
et al., 1999). These three fusions all generated the
up-shifted complex ef®ciently (Figure 4(b)-(d),
constructs 3-5). Three partially deleted deriva-
tives of G4-RFXD showed a capacity to both
repress transcription and generate the up-shifted
complex (constructs 6-8). The ability of construct
6 to form the up-shifted complex was weaker
than that of the others, as was its repressive
capacity, suggesting that residues 790-867 of
RFX1 may be particularly important for both
functions. A severely deleted derivative of G4-
RFXD, which showed only a minor capacity to
form the up-shifted complex, was unable to
repress transcription (construct 9). This fusion
induced a very mild activation, lower than that
of the Gal4 DBD. Finally, G4-RFXE, containing
the extreme C terminus of RFX1, showed no
capacity to form the up-shifted complex or
repress transcription, and induced a mild acti-
vation, similar to that of the Gal4 DBD (con-
struct 10). Collectively, these results show a
correlation between the two functions located
within the RFX1 C terminus, the ability to gen-
erate the up-shifted complex and transcriptional
repression.

Formation of an up-shifted complex by
Gal4-Sak1 fusions

The RFX1 region mediating complex a* for-
mation includes the evolutionarily conserved
regions B, C, and D, and each of the a*-forming
Gal4-RFX1 fusions contained at least a part of
these sequences. Since the formation of the up-
shifted complex appeared to be mediated by the
conserved regions, it was possible that other RFX
family members may share this property. This
possibility was addressed by examining the ability
of the S. pombe RFX homologue Sak1 (Wu &
McLeod, 1995) to generate complex a*. A portion
of Sak1 containing the B-C-D region was fused to
the Gal4 DBD, and the G4-Sak1 fusion was
expressed in human cells and assayed for complex
formation, as described above (Figure 5). In the
absence of detergents, this fusion generated a
single complex (lanes 4 and 10), similar in mobility



Figure 6. Transcriptional activity of Gal4 fusions
containing the C termini of RFX proteins. HepG2 cells
were cotransfected with increasing amounts of the indi-
cated Gal4 derivative expression constructs (structure
shown in Figures 4(d), 5, and 7), together with the
E5G5-luciferase reporter plasmid, containing ®ve Gal4
binding sites, a c-Jun expression plasmid (for activating
the reporter), and the SV2-b-galactosidase internal
control plasmid. The normalized luciferase activity is
shown relative to the basal activity in the absence of a
Gal4 derivative. Each result represents the mean and SD
of 2-3 independent experiments.
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to complex a of G4-RFXBCD (lanes 7 and 16). In
the presence of Triton X-100, G4-Sak1 generated an
up-shifted complex (lanes 5 and 11), as did
G4-RFXBCD (lanes 8 and 17), indicating that the
Sak1 portion present in this fusion can form com-
plex a*. Interestingly, while G4-RFXBCD formed
both complexes a and a* in the presence of Triton
X-100, G4-Sak1 generated mainly complex a* and
only a faint band of complex a. Upon addition of
DOC/NP-40, both fusions generated only complex
a* (lanes 6 and 9). Sak1 was further examined by
creating a Gal4 fusion containing the N terminus
of RFX1 combined with the B-C-D region of Sak1
(RFXN-G4-Sak1, Figure 5). Since the RFX1 N termi-
nus could not generate the up-shifted complex by
itself (Figure 4(a), lanes 7 and 8) but only when
combined with the RFX1 C terminus (lanes 5 and
6), we wished to examine whether the B-C-D
region of Sak1 can replace the RFX1 C terminus in
mediating complex a* formation when combined
with the RFX1 N terminus. In the absence of deter-
gent, RFXN-G4-Sak1 generated complex a, but in
the presence of Triton X-100, the major complex
seen was a* (Figure 4(a), lanes 9 and 10), indicating
that the B-C-D region of Sak1 can replace the RFX1
C terminus. Here, too, the Sak1 fusion showed a
strong preference for complex a* (lane 10), while
G4-RFXNC ef®ciently generated both complexes a
and a* (lane 6).

Transcriptional repression by
Gal4-Sak1 fusions

In order to determine whether the correlation
between the formation of the up-shifted complex
and transcriptional repression detected in RFX1
also extends to Sak1, the transcriptional activity of
G4-Sak1 was examined (Figure 6(a)). However,
this fusion did not repress transcription and even
induced a weak activation, similar to the Gal4
DBD. This result could be due to the absence of
any transcriptionally active regions within this por-
tion of Sak1 or to the existence of both activating
and repressing regions, which neutralize each
other's effects. The extreme C terminus of Sak1
contains short regions relatively rich in either
acidic residues or glutamine, such as are com-
monly found in activation domains, and was there-
fore suspected to contain an activating region. In
order to eliminate the effect of this putative acti-
vation domain, two truncated derivatives of G4-
Sak1 were generated (Figure 5). In contrast to the
original fusion, both G4-Sak1�667 and G4-
Sak1�641 repressed transcription, in a dose-depen-
dent manner (Figure 6(b) and (c)). These results
indicate that in Sak1, as in RFX1, the B-C-D region
can repress transcription. As suspected, the
extreme C terminus of Sak1 may contain an acti-
vation domain, which neutralized the repressive
effect of the B-C-D region in G4-Sak1. The repres-
sive effect of the Sak1 fusions was substantially
weaker than that of G4-RFXBCD (Figure 6(b)). Gel
shift and Western analyses indicated that the Gal4-
Sak1 fusions were expressed less well than G4-
RFXBCD (Figure 5 and data not shown; notice that
in Figure 5 the amount of transfected G4-RFXBCD
DNA was half of that of the Sak1 fusions). There-
fore, the weaker repressive capacity of the Gal4-
Sak1 fusions may be partially due to their inef®-



Figure 7. Formation of an up-shifted complex by Crt1
fusions. (a) Gel shift analysis of Gal4 fusions (structure
shown below and in Figure 5) overexpressed in 293T
cells was performed as for Figures 4 and 5. (b) RFX1
derivatives (structure shown below) were overexpressed
in 293T cells. Cells were extracted in the presence of
Triton X-100 and analyzed by gel shift with the EP (E)
and X box (X) probes. The positions of complexes a and
a* are indicated by an arrowhead and an asterisk (*),
respectively. d, dimer; m, monomer. (c) Structure of
RFX1, Crt1, and their derivatives. A black box in G4-
Crt1 represents the Gal4 DBD.
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cient expression. Collectively, our results demon-
strate a correlation between complex a* formation
and transcriptional repression, in both the human
protein RFX1 and its S. pombe homologue Sak1.

Complex formation and transcriptional activity
of Crt1 fusions

The S. cerevisiae RFX protein Crt1, which regu-
lates the response to replication block and DNA
damage (Huang et al., 1998), contains the con-
served region B but seems to bear no obvious hom-
ology to regions C and D. To examine whether
Crt1 shares with its homologues the ability to gen-
erate alternative complexes, the C-terminal part of
Crt1 was fused to the Gal4 DBD, and this G4-Crt1
fusion was expressed in human cells and assayed
by gel shift, as above (Figure 7(a)). In the absence
of detergents, G4-Crt1 formed a single lower band
of complex a, but in the presence of Triton X-100
the lower and upper complexes a and a*, respect-
ively, were generated (lanes 4 and 5). The addition
of DOC/NP-40 resulted in the exclusive formation
of complex a* (lane 6). The behaviour of G4-Crt1
under the different conditions resembled that of
G4-Sak1 (Figure 7(a), lanes 7-9, and Figure 5, lanes
4-6) and G4-RFXBCD (Figure 5, lanes 7-9), indi-
cating that the ability to generate the up-shifted
complex is conserved in the RFX family from
S. cerevisiae to man. However, the ratio between
the two complexes under standard conditions of
mild detergent (Triton X-100) differed between the
three fusions, as G4-Sak1 showed a clear prefer-
ence for complex a*, while G4-RFXBCD and G4-
Crt1 formed complex a at least as ef®ciently as
complex a*.

To further examine the conservation of the
complex formation property in Crt1, the RFX1-
Crt1 chimera, in which the RFX1 C terminus
was replaced with the corresponding region of
Crt1, was tested in gel shift with the EP and X
box probes under standard Triton X-100 con-
ditions (Figure 7(b)). While the C-terminally
deleted �BCD RFX1 mutant generated only
complex a with the EP probe (lane 5), the RFX1-
Crt1 chimera formed both complexes a and a*
(lane 7), similar to the wt RFX1 (lane 3). There-
fore, the Crt1 C terminus can functionally
replace the B-C-D region of RFX1 and mediate
the formation of alternative complexes. However,
the complex formation pattern of RFX1-Crt1
with the non-palindromic X box probe differed
from that of the wt RFX1. While RFX1 generated
a dimeric complex a (lane 4), the RFX1-Crt1 chi-
mera generated a lower distinct band and a
smeary complex above it (lane 8). These lower
complexes were reminiscent of those formed by
RFX1 mutants with the X box, the lower band
migrating similarly to that of �BCD (lane 6),
and the smeary complex appearing similar to
that of �D (lane 10). Since the complexes
formed by �BCD and �D with the X box
appear to be monomeric forms of complexes a
and a*, respectively, it is likely that the RFX1-
Crt1 chimera generated with the X box a mix-
ture of a-type and a*-type monomeric complexes,
consistent with the lack of dimerization capacity
in this protein (Figure 2).

To examine whether the ability to repress
transcription is conserved in the Crt1 C termi-
nus, the transcriptional activity of G4-Crt1 was
analyzed. G4-Crt1 did not repress transcription,
but rather induced a very mild activation, some-
what weaker than that of the Gal4 DBD
(Figure 6(a)). Thus, despite its ability to mediate
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the formation of the up-shifted complex, the
Crt1 C terminus shows no repression capacity in
this assay. Altogether, this comparative analysis
of the RFX family reveals on one hand a conser-
vation of the ability to generate an up-shifted
complex via the C terminus, and on the other
hand a gradual alteration in the dimerization
and transcriptional repression properties of this
region, ranging from none to moderate and high
capacity in Crt1, Sak1, and RFX1, respectively.

Discussion

Members of the novel RFX family of DNA-bind-
ing proteins function in various biological systems,
such as transcriptional regulation of viral and cel-
lular genes (RFX1), cell fate regulation in S. pombe
(Sak1) (Wu & McLeod, 1995), and the DNA
damage and replication block checkpoint in S. cere-
visiae (Crt1) (Huang et al., 1998). Since the RFX pro-
teins share, in addition to a DNA-binding domain,
a conserved C-terminal region, characterization of
this region should be important for understanding
how the functions of these proteins are exerted.
Region D was initially characterized as the RFX1
dimerization domain (Reith et al., 1990), yet full
dimerization of RFX1 requires both regions D and
B-C, which together constitute the Extended
Dimerization Domain (EDD) (Katan-Khaykovich &
Shaul, 1998). Sequence analysis of the RFX family
revealed that the S. pombe protein Sak1 contains
the B-C-D region, similar to other family members
from C. elegans, mice, and humans, whereas the
S. cerevisiae protein Crt1 shows obvious homology
only to region B (Figure 1; Emery et al., 1996a).
While such homology is suggestive of common
structural or functional characteristics between
RFX1 and its yeast orthologues, only experimental
analysis could determine if, and to what extent,
this is actually the case. Our analysis reveals the
unique nature of the EDD, as a complex domain
that has evolved from an ancient motif of
unknown function, to mediate an extremely stable
protein-protein interaction, as well as transcrip-
tional repression.

One unusual property of the EDD of RFX1 is its
ability to generate alternative homodimeric DNA-
protein complexes (Katan-Khaykovich & Shaul,
1998). Here we show that this property is evolutio-
narily conserved, as the C-terminal parts of Sak1
and Crt1 can generate the up-shifted complex a*
(Figures 5 and 7), indicating structural similarity
between the C termini of the three proteins. How-
ever, analysis of their dimerization properties
revealed functional differences, in that the C termi-
nus of RFX1 mediated very stable dimerization,
that of Sak1 mediated moderately stable dimeriza-
tion, and that of Crt1 showed no dimerization
capacity (Figure 2). Therefore, while the C-terminal
motif is present in the most ancient known RFX
protein, Crt1, the dimerization function was prob-
ably acquired later in evolution. In view of the con-
comitant appearance of the C-D region and the
dimerization function in Sak1, it is likely that the
C-D region is responsible for the major interaction
formed by the EDD and may constitute the core
dimerization motif, consistent with the in vitro
dimerization capacity of region D (Reith et al.,
1990). The fact that the distance between regions C
and D is conserved, while the distance between
regions B and C is more variable (Figure 1), further
suggests that regions C and D function together in
mediating dimerization, while the role of region B
may be different or accessory.

The molecular basis for the different mobilities
of complexes a and a* has not been clearly estab-
lished. Although the lower mobility of complex a*
may result from the presence of additional proteins
besides the RFX1 dimer in this complex, several
observations argue against this possibility (Katan-
Khaykovich & Shaul, 1998). The fact that complex
a* is ef®ciently formed even by highly overex-
pressed RFX1 derivatives indicates that this com-
plex does not contain an additional component of
limiting concentration. In addition, in immunopre-
cipitation experiments we have not been able to
detect any protein that stably interacts with the
overexpressed RFX1; nor could we detect a stable
interaction between a*-forming RFX1 mutants that
are unable to dimerize (such as �D), which would
suggest a higher-order oligomerization of RFX1
itself (data not shown). While the possibilities of
additional proteins or RFX1 oligomerization cannot
be entirely ruled out, alternative RFX1 confor-
mations are more likely to account for the different
mobilities of the two complexes. The ability to con-
vert one complex into the other under certain
detergent conditions, with complex a* formation
being favoured by detergents (Figure 3), further
supports this possibility.

Our previous study suggested that the formation
of the up-shifted complex a*, mediated by the
RFX1 EDD, is linked to dimerization. For example,
ef®cient dimerization and complex a* formation
are both properties of the cellular RFX1, but not
the recombinant bacterially expressed protein
(Katan-Khaykovich & Shaul, 1998). These two
functions of the EDD, however, differ in their
sequence requirements. While different parts of the
RFX1 EDD can form the up-shifted complex inde-
pendently (Figure 4), stable dimerization requires
an intact EDD (Reith et al., 1990; Katan-
Khaykovich & Shaul, 1998). It therefore appears
that the EDD is composed of several subdomains,
each of which can acquire the a* form, and their
combined properties result in a stable interaction.
Thus, acquisition of the a* form by the different
RFX1 subregions appears to be a process that pre-
cedes dimerization. That acquisition of the a* form
precedes dimerization is also the case from an
evolutionary point of view, as the C termini of
Crt1, Sak1, and RFX1 can all generate the up-
shifted complex, but only those of Sak1 and RFX1
can mediate dimerization.
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Interestingly, mutational analysis of RFX1
demonstrated an inverse correlation between
complex a* formation and dimerization. While
the wild-type RFX1 and a Gal4-RFX1 fusion con-
taining the entire EDD formed both complexes a
and a*, partial EDD deletions, which abolish
dimerization, resulted in the exclusive formation
of the up-shifted complex (Figures 3, 4, and 7(b);
Katan-Khaykovich & Shaul, 1998). Based on
these observations, we have suggested that the
a* form represents a speci®c conformation of the
EDD, in which the strength dimerization is
reduced, as compared to complex a. Thus, the
two complexes may contain RFX1 homodimers
that differ in the nature of the intersubunit inter-
action, mediated by the EDD (Figure 8(a), top
row). Each RFX1 subunit seems to have the
intrinsic ability to acquire the a* conformation;
however, the strong interaction between the sub-
units can constrain the EDD in the a confor-
mation, resulting in an equilibrium between a-
type and a*-type dimers. It should be noted
that, although it is suggested here that the
difference between complexes a and a* lies in
the conformation of the EDD, this model is not
incompatible with the existence of additional
proteins in complex a*, a possibility that seems
less likely but cannot be ruled out. The effect of
detergents on complex formation is consistent
with the above model. Thus, comparable levels
of the two complexes are observed under con-
ditions of mild detergent (Triton X-100), which
appear to stabilize the a* conformation. The
absence of detergents or conditions of moderate
detergents (DOC/NP-40) shift the equilibrium
towards the a or a* form, respectively (Figure 3).
The effect of DOC/NP-40 may be due to both
stabilization of the a* conformation and disrup-
tion of the intersubunit interaction, leading to
the exclusive formation of complex a*.

While the three RFX proteins share the ability to
acquire the a* form, they also seem to differ with
respect to this property. Most notably, whereas
dimerization-de®cient RFX1 derivatives (such as
�D) generate complex a* exclusively, the Crt1
fusions, which are also unable to dimerize via the
conserved region, generate both complexes a and
a* to comparable levels (Figure 7). Thus, the intrin-
sic ability of Crt1 to acquire the a* form appears to
be weaker than that of RFX1. Based on their
speci®c dimerization and complex formation prop-
erties, the different RFX proteins can be described
in terms of the above model (Figure 8(a)). The
S. cerevisiae protein Crt1 has a limited capacity to
acquire the a* conformation and no dimerization
ability, and thus exists in the form of a-type and
a*-type monomers. In the S. pombe protein Sak1,
the capacity to acquire the a* conformation is
stronger; consequently, this protein is found
mainly in the a* conformation, as observed with
the Gal4-Sak1 fusions. Importantly, the B-C-D
region of Sak1 can form a moderately stable inter-
action, so that some of the Sak1 proteins, although
not all, generate dimers. An enhanced intersubunit
interaction in the human protein RFX1 causes this
protein to exist exclusively in the form of stable
dimers. Moreover, in addition to the stable inter-
action in complex a*, RFX1 can form a new, stron-
ger type of interaction, which constrains the EDD
in the a conformation. Thus, the ancestral con-
served motif of Crt1 may have developed into the
complex EDD of RFX1, which can generate differ-
ent types of interactions, corresponding to the two
alternative complexes.

A comparison between the three RFX proteins
reveals that they differ in their dimerization prop-
erties and in their DNA binding sites. The known
binding sites of Crt1, present in the promoters of
its target genes, are non-palindromic half-sites
resembling the X box (Huang et al., 1998). The
binding sites of Sak1 are presently unknown. RFX1
binds to half-sites, such as the X box, yet it shows
more stable binding to palindromic EP sites, such
as those found in viral enhancers (David et al.,
1995). This stabilization is apparently due to the
fact that the EDD, although not essential for DNA-
binding, stabilizes the binding of RFX1 to the
palindromic EP site (Katan-Khaykovich & Shaul,
1998). Thus, the alteration in dimerization status,
from monomers in Crt1, to moderately stable
dimers in Sak1, to very stable dimers in RFX1, is
paralleled by the alteration in the DNA binding
site, from half-sites bound by Crt1 to palindromic
sites bound by RFX1 (Figure 8(b)). In view of these
data, it appears that the ancestral RFX protein was
bound as a monomer to a DNA half-site. It already
contained the conserved C-terminal motif, yet this
motif could not mediate dimerization. The later
acquisition and enhancement of the dimerization
function, accompanied by the duplication of the
original DNA half-site to form an inverted repeat,
resulted in a protein dimer stably bound to a palin-
dromic DNA site. Thus, the EDD of RFX1 appears
to have evolved from the original conserved motif
present in Crt1 in order to mediate stable binding
to palindromic EP sites.

The role of the conserved C terminus in Crt1
remains unclear. It is possible that it serves a func-
tion entirely different from that of the RFX1 EDD,
and the ability to mediate protein-protein inter-
actions was acquired later in evolution. Alterna-
tively, the Crt1 C terminus may participate in a
protein-protein interaction too weak to be detected
by our assay. Since the Crt1 binding sites are half-
sites, there seems to be no need for an interaction
that stabilizes the binding to palindromic DNA
sites. However, the promoters of Crt1 target genes
contain several Crt1 binding sites (Huang et al.,
1998), so that an interaction between Crt1 mol-
ecules bound to different sites within a promoter
could result in cooperative binding or the for-
mation of a higher-order structure. Whether such
an interaction indeed exists, and its role in the
function of Crt1, remain to be determined.

The signi®cance of the unique biochemical
properties of the RFX proteins to their function



Figure 8. (a) A model comparing
between Crt1, Sak1, and RFX1,
based on their dimerization and
complex formation properties.
Monomeric and dimeric a and a*
forms of the different RFX proteins
are shown schematically. A thick
black line represents the conserved
C-terminal region in its a confor-
mation (straight line) or a* confor-
mation (curved line). The increase
in the number of curves from Crt1
to RFX1 indicates an enhanced
capacity to acquire the a* confor-
mation. The Crt1 C terminus has a
limited capacity to acquire the a*
conformation, and cannot mediate
stable dimerization; therefore Crt1
exists as monomers of the a and a*
forms. The C terminus of Sak1 has
an increased capacity to acquire the
a* conformation, and can mediate
moderately stable dimerization;
therefore Sak1 exists as dimers and
monomers, which are mainly of the
a* form. The RFX1 C terminus
(EDD) has a high dimerization
capacity, so that all RFX1 proteins
exist as stable dimers. The a*-for-
mation capacity of RFX1 is also

high, and every molecule has an intrinsic ability to acquire the a* conformation. However, the existence of a very
strong interaction between the dimer subunits constrains some of the molecules in the a conformation; a somewhat
weaker interaction allows other dimers to acquire the a* conformation, resulting in an equilibrium between a type
and a* type dimers. Mutations of RFX1 that disrupt the intersubunit interaction drive the equilibrium to the exclusive
formation of complex a* (b) Alterations in the properties of RFX proteins and their DNA binding sites. Top: Evol-
utionary progression from protein monomers to stably linked dimers, in parallel with the duplication of a half-site
DNA to generate an inverted repeat. The RFX proteins are shown schematically as dimers or monomers, bound to an
EP-homologous DNA half-site or palindrome. Based on the dimerization properties of their conserved C termini,
Crt1, Sak1, and RFX1 appear to exist as monomers, moderately stable dimers, and very stable dimers, respectively.
The known DNA binding sites of Crt1 are half-sites (Huang et al., 1998), while RFX1 binds to both half-sites and
palindromes. RFX1 binds more stably to palindromic DNA sites than to half-sites (David et al., 1995), palindromic
binding being stabilized by the EDD (Katan-Khaykovich & Shaul, 1998). The binding sites of Sak1 are not known.
Bottom: The conserved regions, dimerization capacity, and transcriptional repression capacity of the C termini of RFX
proteins are shown. The dimerization and repression capacities are marked as none (ÿ), moderate (�), and high
(��), and show a parallel enhancement with evolutionary progression.
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is suggested by observations, which link between
the formation of the up-shifted complex in vitro
and transcriptional repression in vivo (Figure 4).
The repressive effect of RFX1 (Katan et al., 1997)
may underlie the transcriptional inhibitory
activity of its DNA binding sites, observed in
several different systems (Weisinger et al., 1988;
Reinhold et al., 1995; Blake et al., 1996; Ori et al.,
1998; Liu et al., 1999). Formation of the
up-shifted complex correlates with transcriptional
repression in several ways. First, both functions
are mediated by the conserved B-C-D region of
RFX1, or the EDD. Second, both are independent
functions of the EDD that can be transferred to
the heterologous Gal4 system. Third, in both
cases the activity was found in several different
parts of the B-C-D region. Thus, the B-C-D
region of RFX1 appears to be composed of sev-
eral partially redundant subregions, each of
which can function independently to generate
complex a* and repress transcription. The com-
bined activity of these subregions results in the
ef®cient formation of the up-shifted complex and
potent repression. Fourth, the correlation
between these properties extends to the B-C-D
region of Sak1 (Figures 5 and 6). Collectively,
these data con®rm and extend the results of our
previous study (Katan-Khaykovich & Shaul,
1998), suggesting that the two properties of the
B-C-D region are functionally related, so that the
repressive effect of RFX1 (and its homologue
Sak1) may be exerted via the formation of the
up-shifted complex.

The C termini of RFX1 and Sak1 differ from that
of Crt1 in their ability to mediate dimerization and
transcriptional repression. The B-C-D region of
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RFX1 exhibits stronger repression activity than that
of Sak1 (Figure 6). While the weaker repression of
the Gal4-Sak1 fusions may be partially due to their
lower expression or to their C-terminal truncations,
the large difference between the repression activity
of the different fusions (twofold relative to the
basal level by G4-Sak1�667 and G4-Sak1�641, as
compared to eightfold by G4-RFXBCD) suggests
that the intrinsic repression capacity of Sak1 is
lower than that of RFX1. Thus, the repression and
dimerization functions of the RFX C terminus seem
to exhibit the same hierarchy in the three proteins:
high capacity in RFX1, moderate capacity in Sak1,
and no capacity in Crt1 (Figure 8(b)). The ability to
generate the a* form, which is common to these
three proteins, is therefore not suf®cient for tran-
scriptional repression, as is the case for dimeriza-
tion. While the conserved motif mediating complex
a* formation seems to exist in Crt1, both its repres-
sion and dimerization properties can be detected
only in Sak1 (moderately) and RFX1 (strongly).
As discussed above, even the intrinsic ability of
Crt1 to acquire the a* form appears to be weaker
than that of RFX1. It is likely that structural altera-
tions that the C-terminal motif has undergone in
the course of evolution account for such differ-
ences; the nature of these alterations awaits further
analysis.

The lack of intrinsic repression activity in the
Crt1 C terminus is interesting in view of the fact
that Crt1 is a transcriptional repressor, which
negatively regulates the expression of its target
genes by interacting with the Tup1-Ssn6 core-
pressor complex (Huang et al., 1998). Conse-
quently, the three RFX proteins appear to
repress transcription by different mechanisms: by
the intrinsic activity of the dimerization/repres-
sion domain in RFX1 and Sak1, and via the
Tup1-Ssn6 complex in Crt1. The RFX family thus
shows a conservation of the repression function,
although the mechanisms of repression differ.
While our results do not rule out an interaction
between RFX1 or Sak1 and the corresponding
Tup1 homologues, they raise the possibility that
in RFX1 and Sak1 the dimerization/repression
domain ful®ls a function analogous to that of
the Crt1-Tup1-Ssn6 interaction.

In comparison with some well-characterized
dimerization motifs, such as the leucine zipper
and the helix-loop-helix, the EDD of RFX pro-
teins shows unique characteristics, in being inde-
pendent of the DBD, in its complex structure
and ability to generate alternative homodimeric
complexes, and in the apparent enhancement of
its dimerization capacity during evolution.
Finally, we note that in several respects the EDD
resembles the well-characterized ligand-binding
domain (LBD) of the nuclear receptors. The LBD
is an independent functional domain, which
mediates dimerization and can exist in alterna-
tive conformations (Fawell et al., 1990;
Mangelsdorf & Evans, 1995; Perlmann et al.,
1996; Moras & Gronemeyer, 1998), as appears to
be the case with the EDD. It has been proposed
that the alteration in the LBD conformation
involves the disruption of an intramolecular pro-
tein-protein interaction, which arrests the LBD in
the apo conformation (Vivat et al., 1997; White
et al., 1997; Moras & Gronemeyer, 1998). This
conformational transition occurs upon ligand
binding and can be mimicked by point
mutations. A similar situation seems to exist in
RFX1, where mutations and detergents may alter
the conformation of the EDD, apparently by dis-
rupting an interaction that arrests it in the a
conformation; however, the RFX1 mutations dis-
rupt an intermolecular interaction between the
dimer subunits. The nuclear receptors were pro-
posed to exist in an equilibrium between alterna-
tive LBD conformations, and thus ligands may
function by stabilizing or destabilizing a speci®c
conformation (Schulman et al., 1996). Interest-
ingly, it was recently demonstrated that the LBD
of the germ cell nuclear factor (GCNF), an
orphan nuclear receptor, has the potential to
adopt two different conformations with distinct
dimerization properties (Greschik et al., 1999).
Such a situation, which may allow the regulation
of GCNF dimerization, is similar to that pro-
posed for the RFX1 EDD (Figure 8(a)). Yet
ligand-binding transcription factors are not
unique to the nuclear receptor family, as the
aryl hydrocarbon receptor, a basic helix-loop-
helix protein, is ligand-inducible (Burbach et al.,
1992). While no ligand of RFX proteins is pre-
sently known, it is possible that such molecules
exist, which may act to induce conformational
transitions in the conserved C terminus. What-
ever are the mechanisms controlling these con-
formational transitions, they are likely to play an
important role in the various biological processes
regulated by the RFX proteins.
Materials and Methods

Cell culture and transfections

Cells were cultured in Dulbecco's modi®ed Eagle
minimal essential medium (GIBCO Laboratories) con-
taining 100 units/ml penicillin and 100 mg/ml strepto-
mycin, supplemented with 8 % (v/v) fetal bovine serum.
Transfection, by the calcium phosphate precipitation
method, and analysis of luciferase activity were per-
formed as described (Katan et al., 1997). For luciferase
assays, 6 cm plates of HepG2 cells were cotransfected
with 0-4 mg of a Gal4 derivative expression plasmid,
1.5 mg of the E5G5-luciferase reporter plasmid, 1 mg of
the SV2-b-galactosidase internal control plasmid, and
0.3 mg of a c-Jun expression plasmid. The amount of SV2
elements and the total amount of DNA were kept con-
stant in each experiment. The normalized luciferase
activity of each plate was calculated by dividing the
results of the luciferase assay by those of the b-galactosi-
dase assay.
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Plasmid constructions

Plasmids expressing the wt RFX1, RFX1 deletion
mutants, RFX1-Sak1, and RFX1-Crt1 are based on
pSG5RFX1, which expresses the RFX1 cDNA under the
control of SV2 (Siegrist et al., 1993), and the expressed
proteins are tagged at their N termini with the HA epi-
tope. Expression plasmids containing the Gal4 DBD
(residues 1-147) are based on the pECE vector, and their
expression is directed by SV2. The E5G5-luciferase repor-
ter plasmid contains ®ve tandem copies of the Gal4 bind-
ing site and ®ve tandem copies of the HBV enhancer E
element. In order to generate fusion constructs, Sak1
(residues 354-734) and Crt1 (residues 392-811) sequences
were ampli®ed by PCR from genomic DNA of S. pombe
and S. cerevisiae, respectively. These sequences were
cloned in-frame downstream of the Gal4 DBD, to gener-
ate G4-Sak1 and G4-Crt1, respectively, or downstream of
an RFX1 sequence truncated at residue 603, to generate
RFX1-Sak1 and RFX1-Crt1, respectively. RFXN-G4-Sak1
was generated by cloning the Sak1 sequence down-
stream of the Gal4 DBD in RFXN-G4. G4-Sak1�667 was
generated by PCR cloning of Sak1 residues 354-667
downstream of the Gal4 DBD. A SpeI-XbaI deletion in
G4-Sak1 generated G4-Sak1�641, truncated after residue
641. The structure of the other plasmids has been
described (Katan et al., 1997).

Gel shift analysis

Whole-cell extracts were prepared by lysing 6 cm
plates with 50-100 ml of buffer A (20 mM Hepes-KOH
(pH 7.9), 250 mM NaCl, 1 % Triton X-100, 5 mM EDTA,
1 mM DTT, protease inhibitors, and phosphatase inhibi-
tors), or by using a similar buffer lacking Triton X-100,
followed by three rounds of freeze/thawing. The lysates
were cleared by centrifugation. Gel shift analysis was
conducted as described (Dikstein et al., 1990), with sev-
eral modi®cations. The binding reaction was performed
for 45 minutes on ice with 2 � 104 cpm of labeled probe
and 6-8 ml of whole-cell extract, in a total volume of
15 ml, and the samples were run on a 5 % polyacrylamide
gel. The free probe was allowed to run out of the gel, in
order to achieve a good separation of the DNA-protein
complexes. The double-stranded oligonucleotides
(sequences shown by Katan et al. (1997) for the Gal4
binding site, and by Katan-Khaykovich & Shaul (1998)
for the EP and X box sites) were end-labeled by a ®ll-in
reaction. Where indicated, DOC (0.4 %) and NP-40
(1.2 %) were added to the binding reaction together with
the cell extracts.
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