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The RFX DNA binding domain is a novel motif that has been conserved in a growing number of dimeric
DNA-binding proteins, having diverse regulatory functions, in eukaryotic organisms ranging from yeasts to
humans. To characterize this novel motif, we have performed a detailed dissection of the site-specific DNA
binding activity of RFX1, a prototypical member of the RFX family. First, we have performed a site selection
procedure to define the consensus binding site of RFX1. Second, we have developed a new mutagenesis-
selection procedure to derive a precise consensus motif, and to test the accuracy of a secondary structure
prediction, for the RFX domain. Third, a modification of this procedure has allowed us to isolate altered-
specificity RFX1 mutants. These results should facilitate the identification both of additional candidate genes
controlled by RFX1 and of new members of the RFX family. Moreover, the altered-specificity RFX1 mutants
represent valuable tools that will permit the function of RFX1 to be analyzed in vivo without interference from
the ubiquitously expressed endogenous protein. Finally, the simplicity, efficiency, and versatility of the selection
procedure we have developed make it of general value for the determination of consensus motifs, and for the
isolation of mutants exhibiting altered functional properties, for large protein domains involved in protein-
DNA as well as protein-protein interactions.

The majority of DNA-binding proteins can be grouped into
families of proteins sharing a characteristic DNA binding motif
(15). For many of these motifs, such as the well-known helix-
turn-helix, basic-helix-loop-helix, basic-leucine zipper, and zinc
finger domains, a great deal has been learned about their
structures, target site specificities, and modes of interaction
with DNA (1, 5, 27, 33). This is currently not the case for one
of the most recently identified motifs, the RFX domain. Yet it
is becoming increasingly clear that this RFX domain has been
conserved throughout the eukaryotic kingdom in a growing
number of proteins implicated in a diverse range of biological
systems (6). The RFX family currently contains eight different
members: five (RFX1 to RFX5) in humans and mice (17, 18,
21, 30), one in Caenorhabditis elegans (6), one (sak1) in Schizo-
saccharomyces pombe (34), and one in Saccharomyces cerevi-
siae (6). Functions of RFX genes include the regulation of
major histocompatibility class II gene transcription by RFX5
(30), the regulation of genes such as c-myc (16) and the ribo-
somal protein gene rpl30 (25, 26) by RFX1, expression of the
highly pathogenic human hepatitis B virus by RFX1 (9, 28),
and control of the mitotic cell cycle by sak1 (34). In view of the
evolutionary conservation of the RFX motif and its recruit-
ment into proteins having crucial regulatory functions, a de-
tailed characterization of this novel DNA binding domain is
warranted.
The human RFX1 protein was the first representative of the

RFX family to be isolated (17, 18). It is expressed ubiquitously
in all cell types and exists in the form of a mixed population of
nuclear complexes representing RFX1 homodimers and
RFX1-RFX2 or RFX1-RFX3 heterodimers (21) referred to
collectively as EF-C (9, 14) or MDBP (10, 35, 37). RFX1 is in

many respects a prototypical member of the family; in addition
to the RFX DNA binding domain, RFX1 contains several
other regions, including a domain responsible for dimerization
(18), that have been highly conserved not only in RFX2 and
RFX3 (21) but also in the RFX genes identified in C. elegans,
S. pombe, and S. cerevisiae (6, 34).
Taking RFX1 as a model, we have studied three aspects of

the site-specific binding activity of the RFX DNA binding
motif. First, we have determined the consensus sequence for
the optimal binding sites of RFX1. Second, we have developed
an efficient and powerful in vivo selection technique performed
with yeast cells to isolate mutated DNA binding domain se-
quences retaining site-specific DNA binding activity. This ap-
proach relies on the screening of large numbers of highly
mutated DNA binding domains for sequences that remain
functional. Alignment of these mutated, yet functional, se-
quences permits the identification of amino acid residues that
are essential for the binding activity of the RFX DNA binding
domain. The mutated sequences also allow us to test the va-
lidity of a secondary structure prediction for the DNA binding
domain. Finally, we have used this selection technique to gen-
erate altered-specificity mutants of RFX1, thereby identifying
amino acid residues that are crucial for target site specificity. In
addition to enhancing our understanding of the RFX DNA
binding domain, these results should facilitate the identifica-
tion of candidate target genes controlled by RFX1 and of
additional proteins containing the RFX DNA binding motif.
Moreover, the altered-specificity mutants represent valuable
tools that will permit the development of systems in which the
function of individual RFX proteins can be assayed in vivo
independently of the endogenously expressed RFX factors.

MATERIALS AND METHODS

Selection of RFX1 binding sites. Two randomized oligonucleotide pools, N20
(CTAGAATTCGGCTCCAGGT-N20-GACTGAGACGGATCCTGA) and N30
(CTAGAATTCGGCCTCATCTC-N30-TGTCAGAGACGGATCCTGA), were
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synthesized and purified on 12% polyacrylamide denaturing gels. These oligo-
nucleotide pools consist, respectively, of a 20- and 30-nucleotide random se-
quence embedded in a constant sequence. They were made double stranded by
using the Klenow fragment and oligonucleotide primers complementary to their
39 ends, purified on 6% polyacrylamide gels, and labelled with T4 polynucleotide
kinase and [g-32P]ATP. Cycles of selection for RFX1 binding sites were then
performed in three steps as follows. (i) The double-stranded oligonucleotides
were incubated for 30 min at 208C with in vitro-translated human RFX1 in 12
mM HEPES (N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid) (pH 7.9)–
12% glycerol–60 mM KCl–0.12 mM EDTA–0.3 mM dithiothreitol–0.3 mM
phenylmethylsulfonyl fluoride–5 mM MgCl2–12.5 mg of single-stranded Esche-
richia coli DNA per ml–12.5 mg of poly(dI-dC) z poly(dI-dC) per ml. During the
first cycle, 15 ng of labelled oligonucleotide was used. During subsequent cycles,
the amount of labelled oligonucleotide was progressively diminished to 3 ng. (ii)
Binding reaction mixtures were fractionated by gel electrophoresis, and oligo-
nucleotides bound by RFX1 homodimers were eluted and purified as described
previously (12). (iii) Oligonucleotides selected in this way were then amplified by
PCR with primers complementary to the constant regions flanking the random-
ized sequence. Three (N20) or four (N30) cycles were sufficient to select high-
affinity binding sites. The selected oligonucleotides were then digested with
EcoRI and BamHI, subcloned in pBluescript (Stratagene), and sequenced. Half-
lives for RFX1-DNA complexes were determined for certain binding sites by
electrophoretic mobility shift assay (EMSA) experiments as described previously
(19, 20), except that in vitro-translated RFX1 was used.
Yeast strains. Strains containing his3 alleles under the control of a minimal

promoter and various upstream regulatory elements were derived from KY320
(2). Py-His3 contains a high-affinity RFX1 binding site from the enhancer of
polyomavirus (Py site) (GTTGCCTAGCAAC) (14) 50 bp upstream of the tran-
scription initiation site. In the ATPyMutA, ATPyMutC, and ATPyMutT strains,
the Py site is mutated to GTTGTCTAACAAC, GTTGGCTACCAAC, and
GTTGACTATCAAC, respectively, and the natural dA-dT element of the his3
gene is maintained upstream of the mutated Py sites.
RFX1 expression vectors. RFX1 expression vectors were constructed in

pRS316 (29), which contains the ura3 gene as a selectable marker. pNVRFX1
contains the entire RFX1-coding region fused at its 59 end to sequences coding
for the nuclear localization signal (NLS) of simian virus 40 large T antigen and
the transcription activation domain (amino acids 413 to 490) of VP16 (32). This
fusion gene is placed between the regulatory sequences of yeast TBP (3).
pNVRFX1HE, pNVRFX1MHEX1, and pNVRFX1MHEX2 were derived

from pNVRFX1 by the introduction of unique restriction sites within or close to
the DNA binding domain of RFX1. These restriction sites were created by the
introduction of silent point mutations by using a PCR-mediated site-directed
mutagenesis technique. In pNVRFX1HE, the codons for K-482–L-483 and
G-500–N-501–S-502 of RFX1 are mutated, respectively, to HindIII and EcoRI
sites. pNVRFX1MHEX1 was derived from pNVRFX1HE by adding additional
MluI and XhoI sites at the codons for T-432–R-433 and A-513–S-514–S-515,
respectively. pNVRFX1MHEX2 differs from pNVRFX1MHEX1 only by the
position of the HindIII site, at the codons for K-471–L-472.
Construction of mutated RFX1 libraries. To construct libraries of RFX1

expression plasmids containing mutated DNA binding domains, double-stranded
oligonucleotides containing degenerate regions were inserted between the
unique restriction sites of pNVRFX1HE, pNVRFX1MHEX1, and pNVRFX1
MHEX2. Prior to insertion of these degenerate oligonucleotides, the corre-
sponding regions were first replaced with unrelated stuffer DNA to avoid high
background levels of wild-type plasmids. The degenerate oligonucleotides were
designed such that the frequencies of wild-type sequences were less than 1/106.
To achieve this, the oligonucleotides were synthesized such that at each degen-
erate position the frequency of incorporation was 67% for the wild-type nucle-
otide and 11% for each of the three remaining nucleotides. For the RND1 and
RND2 libraries, oligonucleotides degenerate between amino acids 438 and 452
and between amino acids 453 and 468 were cloned between theMluI andHindIII
sites of pNVRFX1MHEX2. For the RND3 library, an oligonucleotide degener-
ate between amino acids 469 and 483 was cloned between the MluI and EcoRI
sites of pNVRFX1MHEX2. For the RND4 library, an oligonucleotide degener-
ate between amino acids 484 and 499 was cloned between the EcoRI and HindIII
sites of pNVRFX1HE. For the RND5 library, an oligonucleotide degenerate
between amino acids 500 and 513 was cloned between the XhoI and HindIII sites
of pNVRFX1MHEX1. For each library, a complexity of at least 2 3 106 to 3 3
106 individual clones was obtained.
Screening of mutated RFX1 libraries. Yeast cells transformed with mutated

RFX1 libraries were first grown at 308C in medium lacking uracil (URA2

medium) until an optical density at 600 nm of 1.5 to 2 was attained. The cells
were then diluted to an optical density at 600 nm of 0.02 in minimal medium
lacking histidine (HIS2 medium) containing 50 mM aminotriazole (AT) and
grown until an optical density at 600 nm of 1 to 2 was attained. Plasmids were
then rescued from the bulk culture and transformed into E. coli as described
previously (22). Individual plasmids were then isolated and sequenced in the
region encoding the DNA binding domain.
Isolation of altered-specificity mutants. To isolate altered-specificity mutants,

the five mutated RFX1 libraries were transformed, either individually or as a
pool, into yeast strains carrying the ATPyMutA, ATPyMutC, or ATPyMutT his3
allele. For each strain, 50,000,000 transformed cells were plated on HIS2 plates

containing 50 mM AT. Clones able to grow were isolated only with the
ATPyMutA strain. Plasmids were rescued from these clones and sequenced in
the region encoding the DNA binding domain.
Transcription assays. The capacities of isolated plasmids, or pools of plasmids,

to encode functional RFX1 proteins were assayed by testing their abilities to
transactivate the his3 reporter gene in yeast cells, thus permitting growth on
minimal HIS2 plates containing AT. Py-His3 cells transformed with pNVRFX1
and its derivatives were tested for their abilities to grow on minimal HIS2 plates
containing various amounts of AT (data not shown). Py-His3 cells transformed
with individual mutated plasmids isolated by the selection procedure were tested
on HIS2 plates containing 50 mM AT (see Fig. 4). Py-His3 cells transformed
with pools of 100 to 200 plasmids were replica plated on URA2 plates and on
HIS2 plates containing 50 mM AT (see Fig. 3). Altered-specificity mutants were
tested for their abilities to allow growth of Py-His3, ATPyMutA, ATPyMutC,
and ATPyMutT cells on minimal plates containing 50 mM AT. In all cases,
plated cells were allowed to grow for 3 to 4 days at 308C.
EMSA. The altered-specificity mutants were transferred into the pT7-7 vector

(31). Wild-type RFX1 and the altered-specificity mutants were then transcribed
and translated in vitro as described previously (18). Binding activities of the in
vitro translation products were then analyzed by EMSA as described previously
(21) with double-stranded oligonucleotides containing the wild-type Py site and
the mutated PyMutA, PyMutC, and PyMutT sites. The sequence of the pBR322
oligonucleotide used as a competitor is GATCGTCACGGCGATC (11). In the
methylated version of this oligonucleotide, the underlined CG dinucleotides
contain 5-methylcytosine on both strands. To ensure that equal amounts of in
vitro-translated proteins were analyzed in all samples, the 35S-labelled transla-
tion products were fractionated by electrophoresis on sodium dodecyl sulfate–
10% polyacrylamide gels and the levels of protein synthesized were quantified by
PhosphorImager analysis.
Secondary structure prediction. Secondary structure predictions from multi-

ple sequence alignments were obtained from the PredictProtein server at the
EMBL (23). In the submitted alignment of naturally occurring RFX domains, we
duplicated the sequences of the nonmammalian members and RFX5 in order to
decrease the weight of the highly homologous RFX1 to RFX4 subfamily, from
which we included only human RFX1, RFX2, and RFX4. In order to derive a
secondary structure prediction based on the mutational data, we generated an
alignment of 10 artificial sequences containing at each position the wild-type
residue and all substitutions observed in the selected sequences at approximately
equal frequencies.

RESULTS

The consensus binding site for RFX1. In order to determine
the consensus sequence recognized by RFX1, we performed a
site selection procedure with oligonucleotides containing a
stretch of random sequence (see Materials and Methods). Two
different oligonucleotides (N20 and N30), containing, respec-
tively, 20 and 30 randomized nucleotides, were used. Succes-
sive rounds of selection for RFX1 binding sites were per-
formed (three rounds for N20 and four rounds for N30) until
the selected population consisted essentially only of high-af-
finity binding sites as judged by EMSA. In EMSA, the final
selected population was bound by RFX1 as efficiently as a
single oligonucleotide (data not shown) containing a sequence
(Py) known to be a high-affinity binding site present in the
enhancer of polyomavirus (14). This selected population was
subcloned, and individual clones were sequenced. An align-
ment of these sequences permits the establishment of the con-
sensus RFX1 binding site (Fig. 1). Results with the N20 and
N30 oligonucleotides were essentially identical. To avoid in-
troducing a bias, only sequences in which the binding site does
not infringe on the flanking constant sequences of the oligo-
nucleotides were taken into consideration. The consensus
binding site derived from the optimal alignment of the selected
sequences consists of an imperfect palindrome (Fig. 1A). In all
cases, at least one of the two half-sites closely matches the
RGYAAC consensus motif. The second half-site is often con-
siderably more degenerate and has a G/NGYNAC consensus
motif. The spacing between the two half-sites ranges from 0 to
3 bp, with a strong preference for 1 or 2 bp (Fig. 1B). In the
case of 1-bp spacers, there is a strong preference for either T
or A, while in the case of 2-bp spacers, the consensus is AT
(Fig. 1B).
To confirm that the consensus motif was indeed established
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only on the basis of high-affinity binding sites, the avidity of
RFX1 for several of the individual selected sequences was
analyzed by means of EMSA experiments. The approximate
half-lives of the RFX1-DNA complexes obtained with several
representative sequences exhibiting various degrees of diver-
gence from the consensus binding site are indicated in Fig. 1C.
Divergence from the consensus indeed leads to a reduction in
the stability of the RFX1-DNA complex. However, even for
the most divergent sites this reduction is only marginal (2.5-
fold), indicating that a significant amount of divergence from
the consensus sequence is permitted.
The consensus DNA binding motif of RFX1. To identify

amino acids within the DNA binding domain that are crucial
for binding of RFX1, we developed an in vivo selection pro-
cedure for isolating DNA binding domain sequences that are
heavily mutated yet remain functional (Fig. 2). Briefly, we
constructed RFX1 expression libraries in which segments of
the DNA binding domain of an NLS-VP16-RFX1 fusion pro-
tein were mutated randomly and extensively (see Materials and
Methods). These libraries were transformed into a yeast strain
(Py-His3) carrying a his3 allele under the control of the high-
affinity Py binding site. Yeast cells carrying plasmids encoding
functional NLS-VP16-RFX1 fusion proteins were then se-
lected for by growth in minimal medium containing AT, a
competitive inhibitor of the HIS3 enzyme. Under these condi-
tions, only cells in which expression of the his3 gene is activated

by binding of the NLS-VP16-RFX1 fusion protein can grow
(data not shown). This procedure is highly efficient. Prior to
selection, fewer than 5% of yeast cells transformed with the
libraries can grow when plated in the presence of AT, indicat-
ing that the DNA binding domain has been extensively mu-
tated and that the majority of plasmids encode nonfunctional
NLS-VP16-RFX1 fusion proteins (Fig. 3). Following selection
by growth in medium containing AT, on the other hand,
greater than 95% of the plasmids rescued from the surviving
yeast cells can confer growth on plates containing AT when
reintroduced into the parental strain, indicating that the vast
majority encode NLS-VP16-RFX1 fusion proteins retaining
binding activity (Fig. 3).
Five libraries (RND1 to RND5) containing random muta-

tions in five adjacent segments of the DNA binding domain
were constructed (see Materials and Methods) and subjected
to the selection procedure. Following selection by growth in
the presence of AT, plasmids were rescued from the surviving
cells, and individual clones were sequenced in the region en-
coding the DNA binding domain. For each library, over 20
independent clones were sequenced (Fig. 4). Although over
95% of the sequences obtained should encode a functional
DNA binding domain (Fig. 3), we nevertheless verified this for
several of the most heavily mutated sequences, particularly
those containing mutations at positions that are strongly con-
served in all the other sequences, by reconfirming their ability

FIG. 1. The consensus binding site for RFX1 is an imperfect palindrome with variable spacing between the two half-sites. To obtain the consensus sequence, 32
sequences obtained by the site selection procedure were analyzed. (A) Sequences are aligned with the most strongly conserved half site (59-RGYAAC-39) at the right.
The left half-site is more degenerate (59-G/NGYNAC-39 on the complementary strand). The spacing between the two half-sites ranges from 0 to 3 bp. The number
of sequences containing a given nucleotide is indicated for each position of the two half-sites and for the two positions adjacent to each half-site. To avoid introducing
a bias, nucleotides flanking the palindrome were ignored when they were situated within the constant regions of the oligonucleotides used for the site selection
procedure. (B) Numbers of sequences containing spacer lengths of 0, 1, 2 and 3 bp and numbers of sequences containing a given nucleotide in spacers of 1 and 2 bp.
(C) Half-lives for the RFX1-DNA complexes formed with five selected binding sites exhibiting a variable degree of divergence from the consensus sequence are
compared with the half-life observed with the high-affinity Py binding site.
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to confer growth on plates containing AT. Of the 32 individual
sequences tested, 27 were found to encode functional DNA
binding domains (Fig. 4). Only five were found to encode
defective DNA binding domains, and all of these contained
one or more mutations at residues that are invariant in all of
the other sequences (data not shown). These nonfunctional
sequences were eliminated from our analysis.
Alignment of the sequences obtained allows us to identify a

consensus motif composed of amino acids that are essential for
the binding activity of the DNA binding domain of RFX1 (Fig.
4 and 5). The consensus appears to consist of two conserved
motifs (amino acids 438 to 467 and 476 to 510) separated by an
8-amino-acid segment exhibiting strong degeneracy (amino ac-
ids 468 to 475). The C-terminal motif is considerably more
conserved (89%) than the N-terminal one (57%). Prominent
among the critical amino acids are hydrophobic residues and
aromatic residues distributed throughout the domain and a
cluster of basic residues restricted to the C-terminal motif.
Additional characteristic amino acids include an invariant cys-
teine residue and five invariant or highly conserved glycine
residues.
All 48 critical amino acids defined as described above for the

DNA binding domain of RFX1 are conserved in several other
members of the RFX family (Fig. 5). In fact, 30 of these
positions are either invariant or replaced by conservative
changes in all currently known RFX genes, even though sev-
eral of these (RFX4, RFX5, and ScRFX) are known to have
target site specificities that differ from that of RFX1 (reference
4 and unpublished data). On the other hand, amino acids that

are dispensable for binding of RFX1 have diverged enor-
mously in the other family members. Consequently, the resi-
dues determined to be crucial for the DNA binding domain of
RFX1 define a consensus motif that is to a large extent valid
for the entire RFX family.
Protein secondary structures can often be predicted with a

high degree of accuracy when they are based on adequate
multiple sequence alignments (24). We therefore derived sec-
ondary structure predictions from an alignment of all of the
known naturally occurring RFX DNA binding domain se-
quences (see Materials and Methods). The N-terminal moiety
of the RFX domain is predicted to contain two a helices (I and
II), while the C-terminal moiety is predicted to contain a third
a helix (III) followed by a b strand (Fig. 5). This secondary
structure prediction was tested for its compatibility with the
entire panel of mutated sequences isolated by the selection
procedure (see Materials and Methods). This analysis provides
independent support for helices I and III and the b strand but
does not confirm the presence of helix II.
Isolation of altered-specificity mutants. The efficiency of the

selection technique used to determine the DNA binding do-
main motif suggested that it should be well suited to isolate
altered-specificity mutants of RFX1. We therefore generated
yeast strains in which the his3 gene was placed under the
control of Py sites in which the second residue of each RGC
AAC half site was mutated to either A (RACAAC), T (RTC
AAC), or C (RCCAAC). These strains are unable to grow on

FIG. 2. Selection procedure to isolate RFX1 DNA binding domains that are
heavily mutated but remain functional. Expression libraries directing the synthe-
sis of NLS-VP16-RFX1 fusion proteins containing heavily mutated DNA binding
domains (DBD) are transformed into a yeast strain (Py-His3) harboring a his3
gene placed under the control of a high-affinity RFX1 binding site (Py). If the
mutated DBD remains functional, the NLS-VP16-RFX1 protein will bind to the
Py site and activate expression of the his3 gene. Yeast cells expressing the his3
gene are selected for by growth in minimal HIS2medium containing 50 mM AT.

FIG. 3. Efficiency of the selection procedure. A pool of 100 to 200 plasmids
from the RND1 library prior to selection and a pool of 100 to 200 plasmids
rescued after the selection procedure were transformed into Py-His3 yeast cells.
Transformed cells were replica plated on URA2 medium to select for mainte-
nance of the plasmids and on medium containing 50 mM AT to select for
plasmids encoding functional NLS-VP16-RFX1 fusion proteins. Prior to selec-
tion, fewer than 5% of the plasmids in the library permit growth in the presence
of AT. After the selection procedure, over 95% of the rescued plasmids permit
growth in the presence of AT. Similar results were obtained with the four other
libraries (data not shown).
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minimal plates containing low concentrations of AT, even in
the presence of wild-type RFX1 (data not shown), confirming
the fact that RFX1 does not bind to the mutated Py sites (Fig.
6). The five mutated RFX1 libraries were transformed, either

singly or as a pool, into each strain, and the transformed cells
were plated on minimal plates containing AT. This led to the
isolation of four altered-specificity mutants of RFX1 (AltSp1
to AltSp4) conferring AT-resistant growth to the strain carry-

FIG. 4. Establishment of a consensus sequence for the DNA binding domain of RFX1. Yeast cells were transformed with the mutated RFX1 libraries and subjected
to the selection procedure. Plasmids were then rescued from the surviving yeast cells, and their DNA binding domain regions were sequenced. The sequences shown are derived
from the RND1 (A), RND2 (B), RND3 (C), RND4 (D), and RND5 (E) libraries. Only amino acids differing from those of the wild-type (WT) RFX1 sequence are indicated.
A deleted amino acid in one sequence (RND5, sequence 6) is indicated (/). The coordinates of the mutated segments (solid boxes) within the DNA binding domain of RFX1
(open boxes) are indicated above the sequences; the coordinates refer to the complete amino acid sequence of RFX1 (18). The consensus sequence is given below the
sequences; residues that are invariant or replaced by similar amino acids in all sequences (boldface) and residues that are found preferentially in the majority of
sequences (lightface) are indicated. Dots indicate highly divergent positions. 1, sequences for which binding activity has been reconfirmed (see text).

4490 EMERY ET AL. MOL. CELL. BIOL.



ing the PyMutA allele of his3 (Fig. 6). All four altered-speci-
ficity mutants were derived from the RND5 library. The ability
of the altered-specificity mutants to bind to the PyMutA site
was verified in vivo by retransformation into the strain carrying
the PyMutA his3 allele and in vitro by EMSA (Fig. 6). In
contrast to wild-type RFX1, the altered-specificity mutants

bind efficiently to the PyMutA site. On the other hand, they
cannot bind to the PyMutC and PyMutT sites and have thus
acquired specificity for an A at the second position of each
half-site.
The altered-specificity mutants have retained the ability to

recognize the wild-type Py site (Fig. 6). Another feature char-

FIG. 5. Alignment between the consensus sequence obtained by the selection procedure and the DNA binding domain sequences of all known RFX proteins. For
RFX1 to RFX5, the human (Hs) and mouse (Mm) sequences are included. CeRFX, sak1, and ScRFX are from C. elegans, S. pombe, and S. cerevisiae, respectively.
Amino acids that are identical or similar to the selected sequence (SELECT.) are boxed. The secondary structure prediction is indicated below the sequences. Positions
of the predicted a helices and b strand (EXTENDED) are indicated by boxes; helix II is shown as a dashed box because the mutational analysis did not provide support
for its presence.

FIG. 6. Isolation of RFX1 altered-specificity mutants. (Top) Sequences and binding-site specificities of wild-type RFX1 and the altered-specificity mutants. Only
amino acids that differ from those in the sequence of wild-type RFX1 are indicated. AltSp1 to AltSp4 were isolated from the RND5 library by the selection procedure.
AltSpR and AltSpRP were constructed such that they contain only the R-477 and R-477–P-478 mutations, respectively. Affinities for the wild-type (PyWt) and mutated
(PyMutC, PyMutT, and PyMutA) binding sites were determined by EMSA experiments, and their approximate levels are shown at the right. (Bottom) EMSA
performed with wild-type RFX1 (lanes 1 to 6) and with the altered-specificity mutant AltSp1 (lanes 7 to 12). Similar results were obtained with the other
altered-specificity mutants (data not shown). Oligonucleotides used for the binding experiments contained the PyWt (lanes 1, 5 to 7, 11, and 12), PyMutC (lanes 2 and
8), PyMutT (lanes 3 and 9), and PyMutA (lanes 4 and 10) binding sites. No competitor was added in lanes 1 to 4 and 7 to 10. Unlabelled competitor oligonucleotides
included during the binding reactions contained the nonmethylated (lanes 5 and 11) or methylated (lanes 6 and 12) versions of a sequence from pBR322 (see Materials
and Methods). Positions of protein-DNA complexes due to binding of RFX1 monomers (M) and dimers (D) are indicated (see Discussion).
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acteristic of RFX1 has also been retained, namely, the ability
to distinguish between the methylated and nonmethylated ver-
sions of certain target sequences containing CpG dinucleotides
(11). Both wild-type RFX1 and the altered-specificity mutants
can, for example, bind to a sequence from pBR322 (11) only
when its CpG dinucleotides are methylated (Fig. 6).
All four altered-specificity mutants harbor an A-to-R change

at position 477. This is the only amino acid substitution shared
by all four mutants, indicating that it plays a key role in the
altered specificity. It is not sufficient, however, because an
RFX1 mutant (AltSpR) engineered to contain only the R-477
mutation cannot bind to the PyMutA site (Fig. 6). Conse-
quently, a combination of R-477 and one or more additional
changes must be required. Since no substitutions other than
R-477 are shared by all four mutants, several different combi-
nations must exist. One of the combinations that is sufficient to
obtain the altered specificity is R-477 together with a change
from A to P at position 478, a mutation that is shared by
AltSp3 and AltSp4. Indeed, an RFX1 mutant (AltSpRP) en-
gineered to contain only the R-477 and P-478 mutations can
bind efficiently to the PyMutA site (Fig. 6).

DISCUSSION

The RFX DNA binding domain represents a novel motif
that has been strongly conserved throughout the evolution of
eukaryotic organisms, ranging from yeasts to humans, and has
been recruited into regulatory proteins having diverse func-
tions (6). A detailed understanding of the nature and site-
specific DNA binding activity of the RFX domain is therefore
of general importance in the context of a wide range of differ-
ent regulatory systems functioning in a large variety of different
organisms. Here we present a detailed characterization of the
DNA binding domain of RFX1, a prototypical member of the
RFX family.
A precise definition of the target sequence recognized by

RFX1 is a prerequisite for the future identification of candi-
dates for genes that are likely to be regulated by this transcrip-
tion factor. By using a site selection procedure, the consensus
binding site for an RFX1 homodimer was determined to be an
imperfect palindromic sequence (GTNRCC/N-N0–3-RGYA
AC) consisting of two 6-bp half-sites separated by a spacer
region that is variable in length (0 to 3 bp) but is preferentially
either 1 or 2 bp long. There is a strict dependence on at least
one near-perfect half-site matching the RGYAAC consensus
sequence. The second half-site may be considerably more de-
generate (G/NGYNAC on the complementary strand). The
fact that only a single high-affinity half-site is required is con-
sistent with previous observations that binding of RFX1 is not
strictly dependent on dimerization and that binding of mono-
mers to a single half-site can be observed (Fig. 6) (28). The
consensus binding site determined here for RFX1 refines and
extends previous definitions of a consensus site for RFX1 to
RFX3 (8, 28, 35–37). In those earlier studies the consensus site
was extrapolated from a limited number of naturally occurring
sites. Moreover, rather than using recombinant RFX1 as done
here, those previous studies analyzed a population of native
complexes, referred to collectively as EF-C (8) or MDBP (35,
36), which comprise a mixture of different RFX1 to RFX3
homodimers and heterodimers (21).
To identify residues that are crucial for activity of the DNA

binding domain of RFX1, we developed a highly efficient pro-
cedure to select functional DNA binding domains from librar-
ies containing large numbers of heavily mutated sequences.
The sequences selected by this procedure permit the establish-

ment of a consensus motif that discriminates between amino
acids that are essential for binding of RFX1 and those that are
dispensable. This consensus motif does not describe exclusively
amino acids that are critical for RFX1, the protein used for the
analysis. It also highlights amino acids that are likely to be
important for all members of the RFX family. Indeed, the
selection procedure appears to have mimicked quite closely
the evolutionary pressures that have led to conservation of the
RFX motif in different proteins and species. All of the 48
critical positions in the consensus motif have been conserved in
several other members of the RFX family, and 30 of these have
been conserved in all members currently known. On the other
hand, residues dispensable for binding of RFX1 have diverged
extensively in different RFX proteins. The 30 positions con-
served in all known RFX domains probably reflect to a large
extent their common structural elements and protein-DNA
interactions. The 18 positions conserved in only a subset of the
RFX domains may, at least in part, play a role in target site
specificity. For instance, all 18 of these positions have been
conserved in RFX2 and RFX3, which are known to have a
target site specificity very similar to that of RFX1 (21), while
only some of them have been conserved in RFX4, RFX5, and
ScRFX, which have target site specificities different from that
of RFX1 (references 4 and 30 and unpublished data). The
consensus sequence derived from RFX1 therefore provides
both a highly conserved core motif that will facilitate the iden-
tification of additional members of the RFX family and posi-
tions that may underlie differential target site specificities.
The accuracy of predictions of protein secondary structure is

greatly increased when they are based on multiple sequence
alignments of divergent sequences (24). We have therefore
derived a secondary structure prediction from all of the known
naturally occurring RFX domains. This prediction suggests the
presence of three a helices upstream of a b strand. Analysis of
the panel of mutated sequences generated by the selection
procedure provides independent support, and thus strengthens
the prediction, for helices I and III and the b strand. On the
other hand, it does not support the presence of helix II. The
selection procedure described here can thus be quite useful for
obtaining a multiple sequence alignment that can be used to
confirm, and perhaps even generate, a secondary structure
prediction. Within the predicted helix I, residues that are con-
served in the entire RFX family, as well as those that are
important for binding of RFX1, are clustered on the same face
of the helix. Helix III would consist almost entirely of residues
that are conserved and important for binding and would be
amphipathic, with a hydrophobic face on one side and a hy-
drophilic face having a net positive charge on the opposite side.
Interestingly, mutations conferring an altered specificity to
RFX1 lie at the N-terminal end of helix III. It is therefore
tempting to speculate that helix III is a recognition helix con-
tacting the DNA.
The method we have developed to define the consensus

motif of RFX1 is simple yet extremely powerful and versatile.
This is emphasized by the fact that it not only has allowed us to
scan a relatively large, 75-amino-acid domain for critical resi-
dues but also has permitted us to generate altered-specificity
mutants requiring a combination of at least two independent
mutations. Moreover, the latter was achieved despite a com-
plete lack of available data on the region of the DNA binding
domain that contacts the DNA. The strength of our system
resides in the use of his3 as a selectable reporter gene. Use of
the his3 gene permits selective growth of functional clones in
liquid medium, which allows an essentially unlimited number
of clones to be screened rapidly and simultaneously. Moreover,
after the selection procedure, functional clones can be rescued
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and analyzed either individually or as a pool. In fact, prelimi-
nary results indicate that it is possible to generate a consensus
sequence directly by sequencing the entire pool rather than
individual clones. These two features represent clear advan-
tages over another recently described system based on a lacZ
reporter gene (13). In the latter system, functional clones can
be selected only individually, and a practical limit to the num-
ber of clones that can be screened simultaneously is imposed
by the fact that visual selection of functional clones requires
growth on plates. Finally, it should be mentioned that the
system we describe here is not restricted to the analysis of
DNA binding domains. It could, for example, be incorporated
into a two-hybrid system (7) in order to characterize the es-
sential amino acids, and to select altered functional mutants, of
any domain involved in a protein-protein interaction. In the
context of the RFX family, the conserved dimerization motif
(6, 21) represents an ideal candidate domain. This dimeriza-
tion domain is novel and exhibits no homology to other motifs
known to be involved in protein-protein interactions.
The R-477 mutation shared by all of the isolated altered-

specificity mutants is essential but not sufficient for the altered
specificity. Additional changes are required. One possible com-
bination is R-477 plus P-478. However, this combination is
neither the optimal one nor the only one possible. For in-
stance, a comparison between the binding efficiencies of the
AltSp3 and AltSpRP mutants (Fig. 6) indicates that changes in
addition to R-477 and P-478 contribute to the greater binding
affinity of AltSp3. Moreover, P-478 is found in only two of the
four selected mutants, indicating that alternative combinations
can confer the same altered-specificity phenotype. Inspection
of the sequences in Fig. 6 suggests that other likely combina-
tions appear to be R-477 plus a change at V-475 and/or a
change at S-479. A mutation of S-479 to C is a good candidate,
since it was selected, like P-478, in two different altered-spec-
ificity mutants (Fig. 6).
RFX1 has been implicated in the regulation of a number of

cellular and viral genes, including c-myc (16), rpl30 (25, 26),
and genes controlled by the EnhI enhancer of hepatitis B virus
(9, 28). However, elucidation of its precise role in these sys-
tems has been hampered by two features of RFX1. First,
RFX1 is expressed constitutively in all cell types examined
(21), and analysis of its function in vivo by transfection exper-
iments consequently cannot be performed in the absence of
the endogenous protein. Second, in nuclear extracts, RFX1
exists both as homodimers and as heterodimers with other
family members (21), and the precise nature of the RFX1-
containing complex that is implicated therefore remains un-
clear. In view of these problems, the altered-specificity mutants
that we have generated for RFX1 are extremely valuable tools.
They could, for instance, be used in transfection experiments
to evaluate the function of RFX1 at suspected binding sites in
vivo, without interference from the endogenous protein. More-
over, A-477 and A-478 are conserved in RFX1, RFX2, and
RFX3, suggesting that the R-477 and P-478 mutations re-
quired to generate an RFX1 altered-specificity mutant should
also be sufficient to confer altered specificity on RFX2 and
RFX3. The combined use of RFX1, RFX2, and RFX3 altered-
specificity mutants would permit an evaluation of the respec-
tive roles of RFX1 homodimers and heterodimers at a given
target site in vivo.
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