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Since the advent of microarrays, vast amounts of gene expression data have been generated. However, these
microarray data fail to reveal the transcription regulatory mechanisms that underlie differential gene expression,
because the identity of the responsible transcription factors (TFs) often cannot be directly inferred from such data
sets. Regulatory TFs activate or repress transcription of their target genes by binding to cis-regulatory elements that
are frequently located in a gene’s promoter. To understand the mechanisms underlying differential gene expression,
it is necessary to identify physical interactions between regulatory TFs and their target genes. We developed a
Gateway-compatible yeast one-hybrid (YIH) system that enables the rapid, large-scale identification of protein-DNA
interactions using both small (i.e., DNA elements of interest) and large (i.e., gene promoters) DNA fragments. We
used four well-characterized Caenorhabditis elegans promoters as DNA baits to test the functionality of this YIH system.
We could detect ~40% of previously reported TF-promoter interactions. By performing screens using two
complementary libraries, we found novel potentially interacting TFs for each promoter. We recapitulated several of
the YIH-based protein-DNA interactions using luciferase reporter assays in mammalian cells. Taken together, the
Gateway-compatible YIH system will allow the high-throughput identification of protein-DNA interactions and may
be a valuable tool to decipher transcription regulatory networks.
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Differential gene expression is a major determinant in develop-
ment. Each gene exhibits a specific temporal and spatial expres-
sion pattern and level, and as a result, each cell/tissue expresses a
unique subset of proteins. Differential gene expression can be
regulated at different steps, including protein synthesis as well as
protein and mRNA degradation. However, it is widely appreci-
ated that developmental gene expression patterns are predomi-
nantly established at the level of transcription regulation (Lee
and Young 2000). Specifically, differential gene expression is
controlled by regulatory transcription factors (TFs) that bind to
cis-regulatory DNA elements (binding sites) that are often located
in or near a gene’s promoter. Between 5% and 10% of metazoan
genes encode putative TFs (Levine and Tjian 2003). With
~14,000-30,000 genes predicted in metazoan genomes (The C.
elegans Sequencing Consortium 1998; Adams et al. 2000; Lander
et al. 2001; Venter et al. 2001), this translates to hundreds or
thousands of predicted TFs.

The availability of complete genome sequences and the de-
velopment of functional genomic technologies enable the assess-
ment of questions relating to differential gene expression on a
genome-wide scale. For example, the use of microarrays allows
the profiling of genome-wide gene expression under different
experimental conditions (Schena et al. 1995). The subsequent use
of clustering algorithms enables the identification of genes with
similar expression profiles that may be involved in similar bio-
logical processes (Eisen et al. 1998). After aligning the promoter
sequences of such genes, cis-regulatory elements can be found
that may be responsible for their coexpression (Tavazoie et al.
1999). Although microarray data are informative to provide gene
expression “signatures” for tissues and/or organisms under vari-
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ous experimental conditions, these data fail to reveal the tran-
scription regulatory mechanisms that control differential gene
expression. This is because not all functional elements can be
detected by promoter alignments. In addition, the TFs that bind
to elements that can be identified may not have been experimen-
tally characterized yet. Moreover, many TFs belong to larger TF
families in which members share similar DNA-binding domains
and, potentially, overlapping DNA recognition elements. As a
result, even though a family of TFs can sometimes be inferred
from aligned promoter sequences, the exact TF member respon-
sible for the coexpression may remain elusive. An additional ex-
planation for the lack of inference of transcriptional mechanisms
from expression profiling data is that it is not possible to dis-
criminate between direct and indirect transcriptional effects that
lead to the differences in mRNA levels. Finally, mRNA levels mea-
sured by microarrays are not only the result of transcription, but
are also the result of a balance between mRNA synthesis and
degradation. Thus, to gain insight into the transcriptional
mechanisms that lead to differential gene expression, genes need
to be experimentally “matched” with the TFs that regulate their
expression. One method of doing this is by identifying protein—
DNA interactions between regulatory TFs and regulatory DNA
elements (e.g., cis-regulatory elements or gene promoters).
Several biochemical methods have been developed to iden-
tify protein-DNA interactions, including gel shift, DNAse I foot-
printing, and chromatin-immunoprecipitation (ChIP) assays
(Latchman 1998; Orlando 2000). ChIP assays are particularly
powerful because they allow the identification of protein-DNA
interactions that occur in vivo. This approach involves the pre-
cipitation of a DNA-binding protein together with its associated
DNA, and has been used to verify target gene binding by several
TFs (Shang et al. 2000; Wells et al. 2002; Conkright et al. 2003).
Initially, this method has been used to characterize the interac-
tions of individual TFs with one or a few of their target genes. To
increase the throughput of the assay and to allow the unbiased
identification of TF-DNA interactions throughout the genome,
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ChlIP experiments have recently been combined with microarray
technologies (Ren et al. 2000; Iyer et al. 2001). This combined
method has been used to map protein-DNA interactions for 106
of the 141 predicted regulatory TFs in Saccharomyces cerevisiae
(Lee et al. 2002). The data obtained were used to model yeast
transcription regulatory networks. It is challenging to perform
ChIP assays on a large scale using intact metazoan model organ-
isms. This is because antibodies have to be generated for each TF,
or, alternatively, transgenic strains expressing epitope-tagged TFs
need to be produced. Both are time-consuming and therefore
only feasible for a single or handful of TFs. Also, it is difficult to
detect interactions with metazoan TFs that are expressed at low
levels, in a small number of cells, or during a narrow develop-
mental time interval. In addition, with ChIPs, one usually cannot
discriminate between different TF isoforms. Further, analysis of
ChIPs with microarrays requires the generation of comprehen-
sive arrays containing regulatory genomic sequences (e.g., pro-
moters). Finally, although ChIP experiments are valuable to
answer the question, “Which DNA fragments does a TF of inter-
est bind to?”, they are less suitable to address the converse ques-
tion, “Which TFs bind to a DNA fragment (e.g., promoter) of
interest?”

The yeast one-hybrid (Y1H) system is a suitable method to
answer the second question because it allows the identification
of proteins that can bind to DNA elements of interest, including
cis-regulatory elements, origins of DNA replication, and telo-
meres (Li and Herskowitz 1993; Lehming et al. 1994; Kim et al.
2003). The Y1H system is conceptually similar to the yeast two-
hybrid system (Y2H) that is used for the detection of protein—
protein interactions (Fields and Song 1989). In the Y2H system,
two hybrid proteins are used. The bait protein (X) is fused to a
DNA-binding domain (DB), and the prey protein (Y) is fused to a
transcription activation domain (AD). When X and Y physically
interact with each other, a functional TF is reconstituted and
reporter gene expression is activated. In the Y1H system, a single
hybrid protein, AD-Y, is used, and reporter gene expression is
activated when Y interacts with the DNA bait. Although many
predicted regulatory TFs contain an intrinsic AD, several TFs have
a repressor domain or no activation/repressor domain at all. In
addition, DNA-binding proteins that do not function in tran-
scription (e.g., replication and DNA repair proteins) do not con-
tain an AD. To enable the identification of a variety of DNA-
binding proteins, a strong, heterologous AD is added to the prey
protein. So far, the Y1H system has been mainly used with mul-
tiple copies of short DNA elements (up to 30 bp) as DNA baits. To
facilitate the high-throughput, unbiased identification of pro-
tein-DNA interactions, we developed a Gateway-compatible Y1H
system. This system can be used with both small (e.g., cis-
regulatory elements), and with single copies of large DNA frag-
ments (e.g., gene promoters). This is important because the use of
promoters circumvents the need to identify functional cis-
regulatory elements for a gene of interest.

The Gateway cloning system facilitates accurate, high-
efficiency cloning of multiple DNA fragments into various vec-
tors in vitro because it is based on recombination and does not
require the use of restriction enzymes (Hartley et al. 2000; Wal-
hout et al. 2000a). Previously, we developed a Y2H system that is
compatible with the Gateway cloning system (Walhout and
Vidal 2001). Combining Gateway with Y2H greatly enhanced the
throughput of protein-protein interaction identification and
analysis. Indeed, already >5500 protein-protein interactions
have been identified using this system (Walhout et al. 2000a,
2002; Davy et al. 2001; Boulton et al. 2002; Li et al. 2004). There-
fore, the simultaneous cloning of multiple DNA baits into Y1H
vectors by Gateway cloning is expected to greatly enhance the
throughput of the Y1H method as well.
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RESULTS AND DISCUSSION

A Gateway-Compatible Yeast One-Hybrid System

To conduct a Y1H assay, a DNA sequence of interest (the “DNA
bait”) is first cloned upstream of a reporter gene to create
a DNAbait::reporter construct. Here, we use the reporter
genes HIS3 and lacZ. Subsequently, the DNAbait::reporter is in-
tegrated into the genome of a Y1H yeast strain by site-specific
recombination into a mutant marker locus. Because the
DNAbait::reporter constructs contain a wild-type marker gene,
bait-containing yeast colonies can be efficiently selected. To gen-
erate a Gateway-compatible version of the Y1H system that is
compatible with the Caenorhabditis elegans “promoterome” (Du-
puy et al. 2004), we first cloned open reading frames (ORFs) en-
coding the reporters His3 and B-galactosidase (3-Gal) into a Do-
nor vector (pDONR201; Fig. 1) by a Gateway BP reaction. This
resulted in HIS3 and lacZ Entry clones. We included minimal
HIS3 and CYC1 promoters in the HIS3 and lacZ reporter con-
structs, respectively. The reporter Entry clones can be used with
promoter Entry clones (Dupuy et al. 2004) in multisite Gateway
LR reactions (Cheo et al. 2004) to generate DNAbait::reporter
Destination clones (Fig. 1). A generic multisite Destination vector
(pDEST6; Invitrogen) was used to generate DNAbait:: HIS3 fusion
constructs. DNAbait:: HIS3 constructs were integrated at the his3-
200 locus of the Y1H yeast strain. The minimal HIS3 promoter
provides sufficient levels of His3 expression for selection on
minimal media lacking histidine (Sc-His). Integration of the
DNAbait::reporter construct is essential to obtain reproducible
results and to reduce levels of background expression (Wang and
Reed 1993; data not shown). An additional vector, pDEST-
MWH#1, was generated for Gateway multisite cloning of DNA
baits together with a lacZ reporter (Fig. 1). This plasmid contains
a wild-type copy of the URA3 gene, which facilitates integration
of DNAbait::lacZ constructs into the ura3-52 locus of the Y1H
yeast strain and selection on minimal media lacking uracil (Sc-
Ura). Each DNA bait used here was fused to both HIS3 and lacZ,
and the DNAbait::reporter constructs were sequentially inte-
grated into the genome of the Y1H yeast strain and maintained
on Sc-His,-Ura media. Two Y1H reporters are used in a single
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Figure 1 Creating DNAbait::reporter constructs by multisite LR clon-
ing. (A) Gateway-cloned ORFs encoding the Y1H reporters His3 and B-ga-
lactosidase (B-Gal) were BP cloned into pDONR201 to generate HIS3 and
lacZ Entry clones. DNA baits were BP cloned into pDONR-P4-P1R to
generate DNA bait Entry clones. (B) The DNA baits were fused to HIS3
and lacZ by a multisite Gateway LR reaction using the DNA bait Entry
clones, the Y1H reporter entry clones, and the Y1H Destination vectors to
generate DNADbait:: HIS3 and DNAbait::lacZ Destination clones.
























