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INTRODUCTION

An important question when studying gene regulation is which transcription factors (TFs) interact
with which cis-regulatory elements, such as promoters and enhancers. Addressing this issue in complex
multicellular organisms is challenging as several hundreds of TFs and thousands of regulatory elements
must be considered in the context of different tissues and physiological conditions. Yeast one-hybrid
(Y1IH) assays provide a powerful “gene-centered” method to identify the TFs that can bind a DNA
sequence of interest. In this introduction, we describe the basic principles of the Y1H assay and its
advantages and disadvantages and briefly discuss how it is complementary to “TF-centered” methods
that identify protein-DNA interactions for a known protein of interest.

Precise spatiotemporal gene expression plays a central role in development, homeostasis, and response
to environmental cues. Gene expression is largely controlled by the specific binding of transcription
factors (TFs) to DNA regulatory regions such as promoters and enhancers. TFs comprise 5%—10% of
the protein-coding genes of most organisms (Reece-Hoyes et al. 2005; Kummerfeld and Teichmann
2006; Vaquerizas et al. 2009). Interactions between TFs and regulatory DNA sequences can be exper-
imentally identified using approaches that are either “TF-centered,” which identify the DNA targets of
a protein of interest, or “gene-centered,” which identify the repertoire of TFs that bind a DNA
sequence of interest (Walhout 2006; Arda and Walhout 2009). TF-centered approaches include
chromatin immunoprecipitation (ChIP) (Ren et al. 2000) and protein-binding microarrays (Berger
et al. 2006), whereas the yeast one-hybrid (Y1H) assay (Deplancke et al. 2004) is a gene-centered
approach.

PRINCIPLES OF Y1H ASSAYS

Y1H assays involve two main components (Fig. 1): first, a reporter construct in which a DNA fragment
of interest (the DNA “bait”) is cloned upstream of a reporter gene(s), and, second, a plasmid that
expresses a “prey” hybrid protein (hence the one-hybrid name) comprising a TF of interest fused to
the activation domain (AD) of the yeast TF Gal4. Both components are introduced into a budding
yeast strain, and the bait is used to “fish” for interacting preys: If the hybrid TF binds to the DNA of
interest, the AD will induce the expression of the reporter gene(s). Interactions involving both TF
activators and repressors are detectable by this assay, as the activation of reporter expression is driven
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FIGURE 1. The principles underlying the yeast one-hybrid technique and the pipeline for library screening. (A) Yeast
one-hybrid (YTH) assays detect protein—-DNA interactions between transcription factors (TFs) fused to the Gal4 acti-
vation domain (AD-TF “prey”) and a DNA fragment of interest (DNA “bait”). The bait is cloned upstream of reporter
genes, and each bait::reporter construct is integrated into the yeast genome. If the TF binds to the DNA of interest, the
AD moiety will induce expression of the reporter. (B) Outline of steps involved in generating a DNA bait yeast strain
and performing an AD-cDNA library screen, as described in other protocols. The procedure involves integrating, by
homologous recombination into a YTHaS2 yeast strain, the two reporter cassettes with the bait sequence cloned
upstream of both the HIS3 auxotrophic marker and the colorimetric LacZ marker. The screen is performed by trans-
forming the yeast with an AD—prey library and selecting for growth on medium lacking histidine but containing
3-aminotriazole (3AT), a competitive inhibitor of the Hisp3 enzyme, followed by the colorimetric detection of B-
galactosidase (B-gal; leading to formation of a blue compound). Interactions are confirmed by conducting gap-repair
tests, followed by polymerase chain reaction (PCR) and sequencing to identify the prey.

by the yeast AD. However, to distinguish between activators and repressors, functional assays should
be performed in an endogenous system using nonhybrid TFs.

The Y1H system can be used to identify protein—-DNA interactions (PDIs) with short cis-regula-
tory elements (as single copy or tandem repeats) (Li and Herskowitz 1993; Deplancke et al. 2006;
Reece-Hoyes et al. 2009) as well as with longer and more complex DNA fragments such as promoters
or enhancers (Martinez et al. 2008; Arda et al. 2010; Reece-Hoyes et al. 2011a; Fuxman Bass et al. 2014,
2015e). Cloning of the DNA baits to generate reporter constructs can be achieved by traditional
restriction enzyme cloning or by recombination-based technologies such as Gateway cloning
(Walhout et al. 2000Db).

Multiple reporters have been used to detect interactions in Y1H assays, including auxotrophic
genes, such as HIS3, URA3, TRPI, and LEU2, that enable growth in the absence of histidine, uracil,
tryptophan, and leucine, respectively, and LacZ, which encodes for the bacterial enzyme B-galacto-
sidase, which is detectable in colorimetric assays. The Y1H protocol that we have developed employs
two reporter genes, HIS3 and LacZ, integrated into the yeast genome at two different loci (Deplancke
et al. 2004). Integration ensures that every yeast cell has the same number of reporter constructs, thus
eliminating confusion between yeast that are positive in the assay because of a PDI and those that

1040 Cite this introduction as Cold Spring Harb Protoc; doi:10.1101/pdb.top077669



m Cold Spring Harbor Protocols

PROTOCOLS

www.cshprotocols.org

Voo’

Downloaded from http://cshprotocols.cship.org/ at SERIALS/BIOMED LIB0175B on December 16, 2016 - Published by

Cold Spring Harbor Laboratory Press

Gene-Centered YTH Assays

appear positive owing to basal expression in colonies harboring higher copy numbers of the reporter
plasmids. Furthermore, for an interaction to be detected, it needs to induce reporter expression from
two separate loci in the same yeast nucleus—thus the interaction is tested twice, which provides an
inherent retest. Activation of the HIS3 reporter results in yeast growth in the absence of histidine and
in the presence of enough 3-aminotriazole (3AT), a competitive inhibitor of the Hisp3 enzyme, to
inhibit growth driven by background HIS3 expression. Activation of the LacZ reporter results in
higher levels of B-galactosidase expression, which is monitored using a colorimetric assay in which
colorless X-gal is modified into a blue compound.

An important aspect of undertaking Y1H assays is the selection of prey source to be screened. The
most widely used source of prey molecules is a cDNA library generated by extracting mRNA from a
tissue/organism of interest and cloning the reverse-transcribed products into a vector backbone that
encodes an adjacent AD moiety (Walhout et al. 2000a,b). Such libraries are commercially available, can
be requested from other academic laboratories, or can be generated in house. However, Y1H assays that
screen cDNA libraries suffer from two drawbacks: first, it is challenging to know whether all TFs are
present in the library and, second, TFs are generally expressed at low levels and therefore are relatively
uncommon in any cDNA library (especially nonnormalized ones). The latter drawback can be some-
what overcome by screening large numbers of colonies to ensure that even uncommon transcripts are
interrogated. However, the former can only be overcome by screening a different prey source com-
prising a characterized set of TF clones, such as those available from Gateway-compatible collections of
cloned open reading frames (“ORFeomes”) (Reboul et al. 2003; Rual et al. 2004). These TF clones can
be combined and screened as a “TF minilibrary” (Deplancke et al. 2004), but a more efficient technique
is to screen these clones individually as an array to ensure that every TF is interrogated and to remove
the need to sequence the clones from the positive yeast because the TF identity at each array position is
known (Vermeirssen et al. 2007). Recently, high-throughput Y1H platforms have been developed for
four widely studied organisms (Caenorhabditis elegans, Drosophila melanogaster, Arabidopsis thaliana,
and human) (Gaudinier et al. 2011; Hens et al. 2011; Reece-Hoyes et al. 2011a,b). These platforms use
robotics to manipulate AD-TF arrays in a 1536-colony format. This greatly increases throughput and
sensitivity and allows testing all bait—prey combinations four times, providing independent technical
replicates that reduce both false-positive and false-negative rates.

In associated protocols, we present detailed methods for conducting gene-centered Y1H assays.
First, we outline how to produce bait strains and conduct high-efficiency transformations (see Pro-
tocol: Generating Bait Strains for Yeast One-Hybrid Assays [Fuxman Bass et al. 2015a]). Next, we
detail how to perform a TF screen by transforming the yeast bait strain with an AD—prey library (see
Protocol: Performing Yeast One-Hybrid Library Screens [Fuxman Bass et al. 2015b]). Finally, various
steps in these procedures require the last two protocols that we present (Protocol: Colony Lift
Colorimetric Assay for p-Galactosidase Activity [Fuxman Bass et al. 2015¢] and Protocol: Zymolase
Treatment and Polymerase Chain Reaction Amplification from Genomic and Plasmid Templates
from Yeast [Fuxman Bass et al. 2015d]).

ADVANTAGES AND DISADVANTAGES OF YTH ASSAYS

The fact that Y1H assays detect PDIs in the milieu of the yeast nucleus rather than in their endogenous
biological context provides both advantages and disadvantages (Table 1). As with any methodology,
Y1H assays are subject to false-negative and false-positive interactions. There are several explanations
for missed PDIs: (1) Not every clone is transformed into yeast and gets the chance to be detected (this is
most relevant when using libraries as a TF prey source); (2) the TF is absent from the clone source; (3)
the TF might only bind to DNA as a heterodimer (and the current Y1H system expresses onlyone TF ata
time); (4) tobind DNA, the TF needs posttranslational modification(s) not available in yeast; and (5) the
TF hybrid protein does not fold correctly in yeast. Regarding false positives, there are two different types
to be considered. Technical false positives are interactions that cannot be reproduced when repeating
the assay and can be filtered out by testing any detected PDI (at least) one more time. Biological false
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TABLE 1. Advantages and disadvantages of the yeast one-hybrid technique

Advantages Disadvantages

Might identify PDIs that do not occur in vivo
(biological false positives)

PDlIs that require posttranslational
modifications of TFs are not detected

Not (yet) adapted to detect PDIs involving
heterodimers

Identifies binding of multiple TFs with a DNA fragment
of interest

Condition-independent: can identify interactions with
low-abundance TFs that are difficult to detect directly from tissue

TF, transcription factor; PDI, protein—DNA interaction.

positives are interactions that can be robustly detected in yeast but never occur in vivo. It is challenging
to determine whether an interaction is clearly a biological false positive because assays used to validate
the interactions in vivo have their own false-negative rate (Walhout 2011). For instance, the effect of
knocking down or knocking out a TF can be masked by functionally redundant interactions.

Perhaps the most important advantage of Y1H is that it can determine which TFs from a collection
of many hundreds bind and (potentially) regulate a gene of interest. This would be very challenging to
achieve through TF-centered approaches, as this would require assaying all TFs individually. Further-
more, PDIs that are rare in vivo (because they occur for only a limited time, in only a few cells, or
under a rare environmental condition) are difficult to detect directly from tissue. In Y1H assays, all the
TFs are expressed in yeast from the same promoter, and so the ability of the assay to detect a PDI is
independent of the in vivo conditions required for the interaction.

Ultimately, the comprehensive detection of the PDIs that drive gene regulation will require a
combination of complementary approaches, such as ChIP, functional assays with reporter genes in the
endogenous system, and genome editing of the TF binding sites followed by measures of target

gene expression.
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