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ABSTRACT

Since its original description almost 10 years ago, the
yeast two-hybrid system has been used extensively to
identify protein—protein interactions from many different
organisms. Simultaneously, a number of ‘variations on
a theme’ based on the original concept have been
described. In one set of variations, systems were
developed to detect other macromolecular interactions:
DNA—protein (one-hybrid), RNA—protein (RNA-based
three-hybrid) and small molecule—protein interactions
(ligand-based three-hybrid). These different versions
are collectively referred to here as ‘n-hybrid systems'.
In another set of variations, the original configuration
of the two-hybrid fusion proteins was modified to expand
the range of possible protein—protein interactions that
could be analyzed. For example, systems were devel-
oped to detect trimeric interactions, ligand—-receptor
interactions or interactions that require particular
post-translational modifications. Finally, the original
concept was turned upside down and ‘reverse n-hybrid
systems’ were developed to identify mutations, peptides
or small molecules that dissociate macromolecular
interactions. These reagents can be used to validate,
in the relevant biological systems, the potential inter-
actions identified with the ‘forward n-hybrid systems’.
The powerful genetic selections of the forward and
reverse n-hybrid systems are proving useful in pro-
teomic projects aimed at generating macromolecular
interaction maps.

INTRODUCTION

recent co-immunoprecipitation experiments using antibodies
raised against one of its subunits gave rise to a 55 subunit complex
required for accurate transcriptional regulation activigy. (
Similarly, nuclear pre-mRNA splicing requires a highly dynamic
and organized molecular machine composed of five small nuclear
RNAs and >50 polypeptides (reviewed 56). Second, the
transmission of regulatory signals, originally described as
successive catalytic activities required for the amplification of weak
inputs into cellular responses, now appears to be mediated by protein
complexes structurally constrained around scaffolding proteins
(7-9). Finally, the widely accepted concept of transient enzyme—
substrate interactions is being challenged by the identification of
enzymes which stably associate with their substrates. For
example, the cyclin-dependent kinases (CDK) required for cell
cycle regulation have been found stably associated with some of
their cognate substrated0F13). Thus, the identification of
protein—protein interactions remains fascinating and very helpful
in understanding biological phenomena.

The identification of potential protein—protein interactions
leads to hypotheses that need to be tested in the relevant biological
systems. For such functional analyses, the isolation of mutant
proteins specifically altered in their ability to interact with a
potential partner (‘interaction-defective alleles’) can be critical.
In these experiments, the interaction-defective mutant proteins
are compared with their wild-type counterpart in a functional
assay. Interaction-defective mutant proteins are predicted to
exhibit functional defects if their corresponding wild-type
versions indeed function in relevant protein—protein interactions.
This strategy is exemplified in the characterization of the
association between the adenovirus E1A oncoprotein and the
retinoblastoma gene product (pRBY). To demonstrate the
physiological relevance of this potential interaction, interaction-

Protein—protein interactions are critical to most biologicablefective alleles of ELA were generated and shown to affect E1As
processes, extending from the formation of cellular macromoleculability to transform cells(5). In more recent developments of this
structures and enzymatic complexes to the regulation of sigretrategy, compensatory mutations that restore the interaction were
transduction pathways. This statement is becoming somewhsolated in the potential interaction partner. These compensatory
superfluous since in the last 20 years large numbers of stalsleanges are expected to restore the function mediated by the
interactions were uncovered and shown to be biologicallinteraction. For example, in the case of the yeast splicing factor
relevant, in practically every field of molecular biology?). composed of Prp9p, Prpllp and Prp21p, it had been demonstrated
Nevertheless, this statement is still worth mentioning in light ofhat prp9 and prpll thermosensitive mutations disrupt the
recently published observations that implicate stable protein—proteiteraction with Prp21p. Subsequenfyp21-91 an extragenic
interactions in unexpected mechanisms. First, many enzymasiappressor mutation of tipgp9 thermosensitive phenotype, was
activities are mediated by complexes much larger than originalhown to restore Prp9—Prp21 interactivf 17).
anticipated. For example, although the original purification Prior to the development of the yeast two-hybrid system, both
procedure of RNA polymerase Il led to a 12 subunit comg@lex ( the identification of physical protein—protein interactions and
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their subsequent functional characterization traditionally reliegarticular mutant43,24). The two-hybrid system represents the
upon time and labor intensive biochemical approaches. Faltimate example of such a strategy since it was designed from the
example, the molecular cloning of genes encoding interactimutset for the detection of essentially any protein—protein interaction,
proteins identified biochemically is often difficult, as is theindependent of the function of the corresponding proteins.
identification of interaction-defective alleles. Moreover, while The basic concept of the two-hybrid system emerged from the
protein—protein interactions are important, many biologicahnalysis of transcription factors such as the archetypal yeast
processes rely upon other macromolecular interactions such@aldp. These transcription factors increase the rate of transcription
DNA—protein and RNA—protein interactions. To understand howsf their target genes by binding to upstream activating DNA
cis-acting DNA sites are involved in transcription or replicationsequences (UAS) and thus ‘activating’ RNA polymerase Il at the
control and to address how particular RNA molecules are involvesbrresponding promoters. It was demonstrated that the DNA
in splicing, translation or development, one powerful approach is tsinding and the activating functions are located in physically
identify the protein(s) that stably binds these nucleic acids. separable domains of Gal4ihj. These two domains are referred
As will be described in this review, the yeast one-, two- angb as the DNA-binding domain (DB) and the activation domain
three- (or ‘'n’-) hybrid systems in a forward or reverse configuratioAD), respectively. In the most extreme version of such
provide genetic solutions to bypass the problems inherent #ructure—function experiments, a hybrid protein, consisting of
biochemical approaches, for both the identification of potentiahe bacterial LexA DB fused to the Gal4p AD, was shown to

interactions and their characterization. activate, in yeast cells, the transcription of a bacterial reporter
gene containing the LexA operator site in its promadléy. (In
HISTORICAL PERSPECTIVE addition, the fusion between DB and AD was shown to exhibit an

unexpected level of structural flexibility. For example, 1% of

The yeast two-hybrid system presents three major advantag@gdom bacterial DNA sequences were found to be capable of
over alternative assays for gene identification. First, since it @1coding a functional AD when fused to the Gal4p DB (DB—AD)
based on a powerful genetic selection scheme performed witd4/)- This observation suggested, rather surprisingly, that the
convenient microorganism, it allows very high numbers oftructural constraints of transcription factors for correctly activating
potential coding sequences to be assayed in a relatively simfi&lA polymerase Il upon DNA binding can be extremely loose.
experiment. Second, it relies on an assay perfoimeito and Furthermore, it was shown that funptlonal DB-AD fusions need not
thus it is not limited by the artificial conditionsiofvitro assays. be covalent. For example, functional dissection of VP16, the
Finally, since it is based on a physical binding assay, a wide varidtgnsactivator of herpes simplex virus, predicted that AD domains
of protein—protein interactions can be detected and characteriZe® be recruited by protein—protein interactiob).(This aspect
following one single commonly used protocol. In this section, wavas further exemplified by using Gal80p, a repressor protein which
attempt to give some historical perspective on these three aspedferacts with Galdp and lacks a naturally occurring AD: an artificial
Geneticists have long exploited the advantages of growfral80p—AD fusion could restora trans the ability of a Galdp
selection to identify relatively rare events. In these experimentglutant lacking a functional AD to activate transcriptiag)(
a few growing colonies detected among very high numbers of Although the observations described above led to a clearer idea
non-growing cells are indicative of an interesting and rather ra®f ‘how transcription factors work’, the resulting potential
event, such as a mutation in a particular gene or the loss oPtactical applications remained unclear for a while, until a
plasmid. In all cases, the genotype and/or the growth medium &@minal concept was developed that extended the possibilities of
manipulated to obtain a set of conditions under which the startiige System beyond the study of transcription factors. It was
‘wild-type’ strain is not able to grow. For example, yeastdemonstrated that protein—protein interactions unrelated to
auxotrophic mutants affected in their ability to synthesizdranscription factors can reconstitute a functional transcription
pyrimidine can be selected on the basis of their resistance festor by bringing DB and AD into close physical proximig)
ureidosuccinic acid since wild-type strains are sensitive to thig this setting, the ‘architectural blueprint’ for the ‘reconstitution’
drug (18). Since mutations occurring at frequencies as low a@f a functional transcription factor can be summarized as follows:
10-10 can be recovered ), similar yeast selections applied to DB—X/AD-Y, where X and Y could be essentially any proteins
the identification of mammalian cDNAs can be very powerfufrom any organism. This rather unexpected twist opened the
(the frequency of relatively rare cDNAs is~#910-7 in most  doors to a plethora of applications. For example, soon thereafter,
non-normalized libraries). this system involving two hybrid proteins was shown to be useful
Almost exactly 20 years ago, it was demonstrated that functiortal identify, in complex AD-Y libraries, genes encoding proteins
complementation gene cloning experiments could be performed tinat potentially interact with DB—X (often referred to as the ‘bait’
yeast mutants with the goal of cloning yeast ge@€s Soon in these experimentsp{-33).
thereafter, it was also shown that human (or other species) cDNAJ he reporter gene used in these pioneer experiments was the
could also be identified by functional complementation of relevartacterialacZgene. Subsequently, growth selection markers such
yeast mutation2(1,22). Since then many human genes have beeas LEU2 andHIS3 were introduced to allow powerful growth
cloned this way and, in most cases, the yeast complementat&glections to be used for the detection of protein—protein
cloning succeeded where biochemical attempts had not. The reasiotaractions $4-36). Finally, responding to the need for functional
for this success were probably related to the fact that, unlike ralidation of newly identified protein—protein interactions by
biochemical experiments, the physiological conditions need not lmeeans of selecting for interaction-defective alleles, the original
adjusted in each case. Although powerful, complementation clonirsystem was turned upside-down by introducing counterselectable
is limited by the availability of the relevant yeast mutants. Howevemarkers 87). The expression of such markers can be lethal under
in some settings, functional assays were designed to clone andfertain conditions (reverse two-hybrid system), such that yeast
characterize human genes in yeast without the need for agyowth selection can be applied to select mutations, proteins,
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peptides or small molecules that dissociate particular interactionsA two-hybrid screen performed with the yeast Snflp protein as
The next two sections describe in greater detail the different versidnait demonstrated that the method could indeed lead to the
of currently available forward and reverse two-hybrid systems. identification of interacting proteins with physiological relevance
(38). Among the potential interactors identified, one was encoded
by SIP1, a gene that exhibits genetic interactions BiNF1 For
example, overexpression 8fP1suppresses the defects caused
5’&{ reduced Snflp kinase activity.

THE FORWARD TWO-HYBRID SYSTEM

The two-hybrid system has rapidly become an attractive meth

because it allows the genetic selection of genes encoding potem@imul_taneously, several groups demonstrated that protein—protein
interacting proteins without the need for protein purification'n eractions from other species than yeast, such as mammals,

However, such a genetic screen only provides an indirgoto could also be identified in the yeast two-hybrid systBaBG).

assay for proximity between two proteins. With this in mind, w n these experiments, several dozen candidates were .s_elected
describe the early versions of the two-hybrid system witf{o™ pools of 16 transformants. However, only a few exhibited

emphasis on the strategies for the evaluation of screens and tm‘[—dgpgngentﬂr]eplqrt_etr g‘ﬂﬁ eprLess%n. I—:ence, t?ese expenment
limitations. We then detail critical parameters to control for in €lped denne the imits of thacZ-nased colony color assay.

two-hybrid screen and the most recent versions of the system thag®nSeduently, to address the question of the large numbers of
address these issues. We refer to Takiter a summary of the transformants that need to be screened to adequately survey the

ioneer and most widelv used versions of the svstem. complexity of mammalian cDNA _Iibraries, genetic selections
P Y 4 based on growth assays were designed to replatzciibased

screening strategy. This was achieved simultaneously by several
groups which developed novel yeast strains contasalagtable
reporter genes. In most cases, after an initial selection of positive

Table 1.Description of the two different versions of the two-hybrid system

DNA binding Activation DB-X AD-Y library Reporter  Reference .
‘ clones, a secondary screen was developed with a second and
domain (DB) domain (AD) genes . . g -
Gald (1) Gald () yoastSirdp yeast genomic DNA  lacZ 31 independent reporter gene suclaaZ to allow higher spe_C|f|C|ty
partially restricted (34-36). These different systems allowed the two-hybrid strategy
none VPI6 (3) human inducible Hel.a lacZ 3 to be used widely to analyze proteins from many model
SRE rendom primed organisms and led to a large number of publications describing
C S . . . . .
Gald (1) Ga (@  hummnRb hummnlymphocytes  HIS3 3 thetsgcc?ssfglg)use of the method to identify potential interacting
oligodT-primed lacZ pI’O eins e.g .
cDNAs However, limitations of the system soon became evident but
A VPIO®) - human e ndweblemowse [ % were not always reported in the literature. These limitations
Ras embryosmandom- - lue included very large numbers of clones with no biological
primed cDNAs . . y
LexA(S)  E.coli B42(6)  human inducible HeLa  LEU? 34 _reIevan_ce (‘false posmve_s) or th(_a lack of recovery (_)f expected
Cde2 oligodT-primed lacZ interactions (‘false negatives’). Since the screen relies upon the
¢DNAs transcriptional activation of reporter genes, any mutational events
Gal (1) Gals @) yeast sonicated HIS3 » leading to an increase in the rate of transcription might be
proteins yeast genomic DNA lacZ .. d th . t f DB X/AD Y . t t
R e e e ¥ %l]ilgtearg r?(;ura ari;s ge(rale?ilc(;J nsa(lallﬂarc(;atign ait is Zrucial_to g]e(\a/(rjgplotr;].e
proteins partially digested lacZ ’ y
DE2 iteri valu ifici itivi
A roper criteria to evaluate both cificityand thesensit
Galt (1) 1 Gul4 () 7?;’2"“"3 °“g°]‘;TI\;PAﬁm°d ’;’(Sj 3 of the assay. Unfortunately, these parameters are not always
fowexpression low expression °m;g::m o Urns considered and, consequently, some experiments have been some
what over-interpreted, leading to an abundance of false positives.
(1) Gal4 amino acids 1-147. Among the most important criteria used to sort through the
(2) Gal4 amino acids 768-881. putative positive clones is the verification that the AD-Y
(3) VP16 amino acids 410-490. plasmids were selected because they indeed encode fusion
(4) LexA amino acids 1-211. proteins and not fusions to irrelevant small peptides. In this
(5) LexA amino acids 1-202. regard, it should be emphasized that in non-directional AD-Y
(6) Ma and Ptashne (27). libraries, five out of six fusions lead to hybrid proteins involving

polypeptides that do not correspond to those naturally expressed

In the first two-hybrid screening experiment described, Sir4pn the organism of interest. These fusions can result from the
a yeast protein involved in transcriptional silencing, was the baifoning of RNA-coding, non-coding, antisense or out-of-frame
and the AD-Y library was generated using partially restricte@NA sequences and usually give rise to short peptides fused to
yeast genomic DNAZ1). The reporter gene consistedlaZ  AD (‘out-of-frame’ peptides). However , it has been suggested
under the control of a Galdp-responsive promoter, allowing #at in some cases out-of-frame fusions might enboda fide
screen for positive colonies on the basis of a colorimetric assdysion proteins through a frame shifting evet)(
Among >200 000 transformants screened, two Sirdp-interactingFinally, it should be kept in mind that a two-hybrid screen does
AD-Y fusion proteins were identified and they both correspondedot necessarily select for direct interactions. For example,
to Sirdp itself. Thus, a potential homodimerization involved irpeculiar DB—X fusions such as DB—lamin are capable of allowing
Sirdp function was uncovered, although no novel protein haakctivation by the AD-Y fusions independent of a direct contact
been identified. Nevertheless, this result was still very encouragitgtween X and Y. These ‘non-touching’ pairs often mediate their
because it demonstrated that interacting fusion proteins could bffect in a promoter context-dependent man#@y. (n addition,
identified from a large collection of AD-Y clones. indirect interactions have been reported where an endogenous
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yeast protein serves as a bridge. For example the HIV-encodéatary and to the size of the genome. For organisms that are
protein Rev was first shown to interact with the yeast nucleancoded by compact genomes, i.e. with small intergenic sequences
protein Ripl1, a member of the nucleoporin protelrd3. (t has now and few introns, screening a genomic library instead of a cDNA
been demonstrated that this interaction likely occurs via yedgtrary for two-hybrid experiments is advantageous. Indeed, such
Crmlp, a protein involved in nuclear expdi?)( Nevertheless, the an exhaustive screen was recently published in which a highly
selection of such indirect protein—protein interactions can still beomplex yeast genomic library was screened with various yeast
considered as an indication of a potential functional link betwegproteins as baitstf).
these two proteins. In summary, the two central issues to be considered are the

Most recently, modified two-hybrid strategies have beespecificity and the sensitivity of the screen. Usually, higher
designed to increase the specificity in order to limit the abovepecificity is desirable because a large number of false positives
problems of false positives. Several strategies were chosen. Firstp dangerously obscure the biologically relevant interactors.
the expression level of the two hybrid proteins was reduced yowever, it should be emphasized that increasing the specificity
using yeast centromeric vectors, which are maintained at lowsually leads to a reduction in sensitivity and thus a greater
copies in the cell, and truncated versions of promotersiddieli. ~ number of false negatives.
(32,37). Second, multiple reporter genes were designed for whichAs a final comment, it is important to reiterate that the
the corresponding promoters are unrelated, containing vergagnitude of the two-hybrid read-out cannot be correlated with
different TATA boxes and initiation sites. Since many falsghe biological significance of the interaction nor with the affinity
positives of the two-hybrid method are promoter context-dependeanf, the interaction between the two wild-type proteins in the relevant
the specificity of the assay is increased by scoring the phenotyp@ganism. This is because, in addition to the affinity, many other
conferred by three different reporter genes in the same cg@rameters can influence the two-hybrid read-out. These include the
(37,40,43). Third, mating strategies were introduced which allowexpression, stability, nuclear localization and three-dimensional
screening with many different baits under reproducible conditiorgructure of a fusion protein and the fact that discrete domains might
(44,45). interact more strongly than the correspondingléngth protein.

The quality of a two-hybrid screen can also be analyzed in

terms of the number of expected interacting proteins thatneéere HE REVERSE TWO-HYBRID SYSTEM
recovered. These are often referred to as ‘false negatives'. Tn
many cases, the reasons for the lack of detection in the two-hybptential protein—protein interactions identified by the two-hybrid
system are unknown, but several possibilities can be imaginegistem merely represent hypotheses that need to be tested back ir
For example, the folding and/or the stability of a DB-X or AD—Ythe relevant biological systems. Approaches conventionally used
fusion protein could affect its transcriptional activation propemeﬁndude Co-immunoprecipitaﬂon of endogenous proteinS, co-
Alternatively, particular fusion proteins might be toxic and affecimmunolocalization or gradient sedimentation. However, the
the viability of the corresponding transformed cells. Thesenost direct approach genetically correlates the potential physical
restrictions are exemplified by the fact that even though, imteraction with a biological parameter: the physical interaction
principle, the reconstitution of an interaction in the context of thgs dissociated and the consequences are analyzed in a functional
two-hybrid system should be bidirectional, i.e. the DB—Y/AD—Xassay. Logically, one would expect that if the newly detected
combination would be expected to score as well as DB-X/AD—Yhteraction is critical for a function of interest, the dissociation of
it is actually often not the case. In addition, the gene encoding gk interaction would impair that function.
interacting protein may simply not be represented in the library Conceptually, protein—protein interactions can be dissociated
due a low complexity or a bias in the representation of that clongy the use ofis-acting mutations in one partner (referred to here
For this reason, the source of DNA for the library is a kews interaction-defective alleles)taans-acting molecules such as
parameter for the assessment of the data. In most screelssociating proteins, peptides or small molecules. For example,
described above, cDNAs were derived from random- ointeraction-defective alleles can be compared with their wild-type
oligo(dT)-primed RNAs. It must be kept in mind that, in contrast tgounterparts for their ability to functionally complement a
genomic libraries, the relative representation of each cDNA closeinockout in the corresponding gene or for their ability to function
reflects the endogenous expression level of the corresponding geinean expression assay in the relevant cells. Alternatively, the
Thus, interesting interacting proteins might be under-representeghrresponding proteins can be expressed and purified and
if their RNA is expressed at relatively low levels. One solutiorsubsequently compared with their wild-type counterpart in an
here is the use of normalized AD-Y libraries (M.Brasch angitro biochemical assay. However, since they usually score as
M.Vidal, in preparation). The process of normalizing cDNA librariegecessive mutations, the use of interaction-defective alleles is
consists of reducing the representation of highly expressed cDNAsmpromised in cases where the wild-type protein cannot be
(46). In addition, the choice of a random-primed versus aremoved from the assay. This would be the case in model
oligo(dT)-primed cDNA library considerably modifies the natureorganisms when no knockout is available for a particular gene of
of the screen. Discrete protein domains are more likely to hiaterest or in biochemical assays when the corresponding
screened with random-primed libraries, while clones encodingild-type protein cannot be immunodepleted from the tested
nearly full-length proteins are enriched when oligo(dT)-primedractions. In these cases, domin@abs-acting peptides or small
libraries are used. However, in high complexity libraries, thenolecules that specifically affect the ability of a particular protein
occasional internal priming events of oligo(dT) primers to poly(A)pair to interact could be used.
sequences can still lead to optimal coverage of N-terminal Until recently, this genetic strategy to validate potential
domain-encoding sequences (M.Brasch, personal communicatioimteractions had not been used widely due to the technical
In contrast, the complexity of genomic libraries is directlydifficulties of identifying informative interaction-defective alleles or
correlated to the number of independent clones that compose Hpecific dissociating molecules. The main challenge for interaction-
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Yeast growth selections

Forward Reverse "n"-hybrid
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Figure 1. Forward and reverse n-hybrid systems. Four classes of macromolecular interactions can be detected using the origihe¢comstigpting functional
transcription factors. They include the following interactions: DNA—protein (one-hybrid system) (lines 1 and 2), proteintgmteybrid) (lines 3 and 4),
RNA~-protein (RNA-based three-hybrid) and small molecule—protein (drug-based three-hybrid) (line 5). Potential interattioitentsiied on the basis of the
transcriptional activation of a ‘gene required for growth’ which confers a selective advantage. See the representatimwaidweast patches (lines 1, 3 and 5)
in the forward ‘n’-hybrid configuration. It has also been demonstrated for the one- and two-hybrid systems that reagesusigtatinteractions can be identified
by reversing the system. In this ‘reverse’ n-hybrid configuration, the reconstituted transcription factor activates tienesfpae'ssxic gene’ and thus it is the
dissociation of the interaction that provides a selective advantage under those conditions. See the representationrgf freasimpatches (lines 2 and 4). X, DNA,
protein, RNA or small molecule; Y, potential interacting protein; DB, DNA-binding domain; AD, activation domain (detatfs in tex

defective alleles is the creation of subtle mutations that disrupt tipeoteins; (i) review the different aspects of the reverse two-hybrid
interaction without grossly affecting the protein, i.e. in the contexhat have already been validated.
of a full-length, stable and correctly folded protein. Another Different yeast toxic markers that can be used for negative
problem is that for many novel interactors, no structuraselection includeURA3 and CYH2 Traditionally, theURA3
information is available and interaction-defective alleles cannaharker has been used most extensively because it allows both
be rationally designed. To circumvent these two problems, largeegative and positive growth selection, on medium containing
libraries of mutant alleles have to be generated randomly for eaBHluoroorotic acid (5-FOA) or on medium lacking uracil,
interaction partner with the goal of finding a few that exhibit theespectively. The two-hybrid inducibISPAL:URA3 reporter
desired properties. Similarly, one might expect that complegene was designed by combining in the same promoter a strong
libraries need to be screened to find a few specific dissociatirgs-acting repressing sequence to maintain very low basal levels
peptides or small molecules. of expression and Gal4p-binding sites to allow Gal4p inducibility
The problem of screening very large libraries, of alleles or af47). A related reporter gene, based on an identical promoter
molecules, should be overcome by using a genetic selectiondonformation, is also available with LexA-binding sité8)( In
which it is thedissociationof the interaction that provides a cells containing these reporter genes, wild-type interactions
selective advantage. This situation is provided in the context of tlkenfer a 5-FOA-sensitive phenotype. An alternative system uses
reverse two-hybrid system. In this ‘upside-down’ version of théhe CYH2marker downstream of tli@AL1promoter and in this
two-hybrid system, the wild-type DB—X/AD-Y interaction can becase, wild-type interactions confer a cycloheximide-sensitive
toxic or lethal for the yeast cells because a toxic marker is used@senotype 49). Finally, in another strategy, the two-hybrid
a reporter gene (negative selectioBY; (Fig. 1). In this setting, interaction activates expression of the Tet repressor, which in turn
DB—X/AD-Y dissociation confers a selective growth advantageepresses expression of the positive selectable mai®8(50).
which can conveniently identify both interaction-defective allelet/nder these conditions, wild-type interactions confer a histidine
and dissociating peptides or small molecules. auxotrophic phenotype. Although many presumptions can be
Below we will: (i) describe the different toxic reporter genesmade on the respective advantages of these different selections,
that can be used to provide negative selection; (ii) compare theore experimental data will be needed for a thorough comparison.
multiple genetic strategies used to identify interaction-defective Several genetic strategies have been implemented to select
alleles in the context of stable full-length and correctly foldednteraction-defective alleles in the context of a stable full-length
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and properly folded protein. The first set of strategies is based &d-TGF3RIC using relatively simple and automatable plate
the selection for conditional mutations that retain some level @fssays 37,48,60). Although the interaction between FKBP12
activity. For example, mutations that affect the interaction onland the TGH3 receptor IC has not been completely validated
weakly can be selected out from nonsense allelg¢sAdditionally,  vivo, it had been previously shown that FK506 affects its
thermosensitive mutations can also be selected that affect tiweo-hybrid read-outq1). Last but not least, it was demonstrated
interaction at the restrictive temperature while retaining wild-typé& one case that small molecules can indeed be setiztaalo
activity at the permissive temperatud?,62). Finally, interaction-  from complex libraries using the reverse two-hybrid systin (
defective alleleles can be found that affect the interaction with orie this experiment, a novel compound, WAY141520, was
particular partner but not with anotheb1(56354). In this identified in a collection ofL50 000 molecules as a dissociator
particular case, simultaneous selections can even be performedfirihe interaction between twg8 andalB subunits of N-type
the same yeast cells if the first partner is fused to a DB thaeglcium channels. This compound was shown to inhibit N-type
activates a reverse two-hybrid reporter gene while the secondlcium channel activity in a specific mann@g)(
partner is fused to another DB that activates a forward two-hybrid
reporter gene56). Although conditional alleles can be very ALTERNATIVE n-HYBRID SYSTEMS
informative in some cases, it might be more convenient in other
cases {o use an exogenously added C-terminal marker proteimnihough protein—protein interactions form the basis of many
eliminate nonsense alleles. In this second set of strategies, fi§|ogical processes, other macromolecular interactions such as
wild-type protein to be mutagenized is fused at its C-terminal engya—protein and RNA—protein interactions are also critical. The
to an easily scorable protein. So far, bgalactosidasesp) and — original two-hybrid DB-X/AD-Y configuration was modified to
green fluorescent protein (Y.Jacob, H.Endoh and M.Vidal, i3ccommodate the detection of such interactions.
preparation) have been used. Here, interaction-defective allelesrhe cloning of genes encoding DNA- or RNA-binding proteins
are selected on the basis of negative selection combined witthgs traditionally relied upon biochemical approaches. For
B-galactosidase or fluorescence assay directly on the yeaslample, the purification of a DNA-binding activity using DNA
colonies. In addition, fusions with a small 18 amino acid domaigfinity chromatography can be followed by the cloning of a
interact with pRB, have also been used. Here, interaction-defectiygstein 3). Another approach involves the screening of an
alleles are selected that retain the binding activity to a referentidgkpression library with a radiolabeled DNA or RNA probe
DB-pRB fusion protein (H.Endoh and M.Vidal, in preparation) corresponding to the sequence of intet@ét Phage display can

In the past 2 years, several aspects of the reverse two-hybglo be used to identify RNA-binding proteiims vitro (65).
system for interaction-defective alleles have been validated. Firglithough these methods have been successful in isolated cases,
it was shown that negative selection can be titrated to accommodgdgy are limited by the constraints iof vitro conditions. In
a large range of protein—protein interaction affinitie)( addition, they are limited by the fact that each interaction tested
Second, well-characterized interaction-defective alleles that afgquires a careful adjustment of the conditions. As argued for the
found in human diseases were shown to rescue the negatiyentification and characterization of protein—protein interactions,
growth phenotype of the reverse two-hybrd,60). Third, de  the use of yeast selection can bypass these limitations.
novo selected interaction-defective alleles were described The one-hybrid system used to study DNA-binding proteins is
(47,50,53) and shown to be deficient for interaction inramitro  an extension, by simplification, of the two-hybrid concé;, (
binding assay47,50). Finally, some of the interaction-defective Fig. 1). In this configuration, the DB—X hybrid is eliminated and
alleles selected using the reverse two-hybrid system were showe the DNA Galdp- or LexA-binding sites are replaced by a specific
to be functionally defective in several different biologically DNA sequence identified as an important binding site in the relevant
relevant assays. Human papillomavirus 16 E1 interaction-defectiyological system. The DNA-binding protein corresponding to this
mutant proteins were shown to be defective in a replication assgiye can be identified and/or characterized as a fusion to AD,
in transfected cells5€). Similarly, yeasste5interaction-defective  which extends the use of the system to proteins that are not
alleles were shown to fail to complement the phenotypesteba necessarily transcriptional activators, such as proteins involved in
null mutation 63). transcriptional repression or DNA replication. Several versions of

Finally, it should be added that such functional assays usinge one-hybrid system have been published (referencgg).in
interaction-defective alleles to validate potential interactionghey usually differ from each other by the choice of the selectable
need to be substantiated by the proper controls. For examplepiarker, such abllS3 or lacZ, and whether the marker is on a
a few published cases, compensatory mutations were selecteghlisismid or integrated within the genome. The different steps of
the interacting partner by using a forward two-hybrid strategy antle protocols are as follows. The DNA-binding site is identified,
subsequently tested in a functional assay. This strategy impliggated as precisely as possible and cloned into the promoter
that for relevant interactions, the restoration of the interaction caitiving the reporter gene(s). This construct is introduced into
restore the function, at least partially’(65,57,58). yeast cells and tested for basal transcriptional activity since it is

Several aspects of the selection ti@ns-acting dissociating possible that an endogenously expressed yeast protein binds to the
molecules have also been validated. On the one hand, a shsit¢ or a neighboring sequence and activates the reporter gene.
adenovirus E1A peptide was shown to rescue the 5-FOA-sensitiVee subsequent steps are identical to two-hybrid selections and
phenotype in yeast cells expressing the DB—pRB/AD-E2F8imilar AD fusion libraries can be used (Fig. An important
interaction £7). It is well known that, upon adenovirus infection, control for the potential interactors selected from a one-hybrid
E1A mediates the dissociation of pRB from E2B%)(On the experiment consists of verifying that the AD-Y protein loses its
other hand, the small molecule FK506 was shown to rescue thigility to activate the reporter gene when a mutant DNA sequence,
5-FOA-sensitive phenotype conferred by DB-FKBP12known to be affected for its binding in the biological assay, replaces
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the wild-type binding site used in the selection. So far the one-hybridactions. However, as for the RNA-based three-hybrid system, a
system has been used successfully to identify a few proteins, yeast genetic strategy has been developed that relies upon the
yeast origin of replication complex Orc6p proteii7)( the presence of a third hybrid molecule bridging DB—X and AD-Y
mammalian olfactory neuronal transcription factor OIs8)(a  (Fig. 1). In this case, the third hybrid organic molecule is synthesized
mammalian silencer that restricts sodium channel expressionimvitro and consists of a well-known ligand (referred to here as
neurons §9) and a metal response binding facia)( ligand) that binds to a known small molecule-binding protein

The RNA-based three-hybrid system used to study RNA-bindingeferred to here as LBP) and is covalently attached to a small
proteins is a more complex extension of the two-hybrid conceptolecule of interest (referred to here as X by analogy with the
(Fig. 1). In this configuration, both DB—X and AD-Y hybrid two-hybrid configuration) {5). Such hybrid small molecules were
proteins are expressed and a third hybrid, an RNA moleculshown to be useful for the inducible homodimerization of membrane
bridges them71). The RNA hybrid molecule consists of a fusionreceptors or activity of transcription factor$). In the three-hybrid
between a known RNA sequence (referred to here as RNA) whishtting, LBP is fused to DB and reconstitution of the transcription
binds to a known RNA-binding protein (referred to here as RBFctor relies upon two interactions indicated as follows: DB-LBP/
and a novel RNA sequence to be characterized (referred to hégand—X/AD-Y. Novel proteins Y that bind the small molecule X
as X by analogy with the two-hybrid configuration). In this settingcan be identified and/or characterized as fusions to AD. In one
RBP is fused to DB and reconstitution of the transcription factorersion of the small molecule-based three-hybrid sysi&s) (
relies upon two interactions, as indicated in the following ‘blueprintDPB—LBP corresponds to the LexA DB fused to the rat glucocorti-
DB-RBP/RNA-X/AD-Y. Novel RNA-binding proteins Y can be coid receptor (GR) and the hybrid molecule is dexamethasone (Dex)
identified and potentially characterized as fusions to AD. In oneovalently attached to a small molecule X. In other words, DB-GR,
version of the RNA-based three-hybrit?), DB-RBP consists Dex and AD are fixed while X, a small molecule, and Y, a small
of the LexA DB fused to the coat protein of bacteriophage MSpnolecule-binding protein, vary among experiments. It should be
and the hybrid RNA molecule consists of two MS2-binding sitegoted that Dex has previously been shown to penetrate yeast cells
(MS2RNA) linked to the RNA sequence XJ. In other words, and activate GR in the nucleu&’). The system was validated by
DB-MS2, MS2RNA and AD are fixed while X, an RNA sequenceleconstituting the well-characterized interaction between FK506 and
and Y, an RNA-binding protein, vary among experiments. The@ne of its binding proteins using micromolar concentrations of the
system was validated by reconstituting the well-characterizddex—FK506 hybrid molecule. In addition, small molecule-based
interaction between the RNA iron response element (IRE) andfee-hybrid selection was successful in identifying FKBP-encoding
protein to which it binds tightly (IRP1). Subsequently, RNA—proteirtDNAs from a Jurkat cell cDNA library. In these cloning
interactions exhibiting a range of affinities between’land  experiments, the dependence upon the presence of the Dex—X
1011 M were shown to be detected in the assal).(Most —Mmolecule was tested by incubating the potential positives on medium
importantly, RNA-based three-hybrid selections have proven tePntaining an excess of X and the relevant positives corresponded
be successful in identifying novel and biologically relevanto those for which the read-out was eliminated.
interacting proteins. In these experiments, the RNA sequence oS for protein—protein interactions, there is a need for
interest is identified in a biological system and the correspondirigteraction-defective alleles corresponding to DNA—, RNA-and
DNA sequence is cloned into a vector from which the propeymall molecule—protein interactions as well. Conceptually, the
hybrid RNA molecule can be expressed. This construct #&asoning developed above on the negative selections possible
introduced into yeast cells, along with DB-MS2, and tested fo¥ith the reverse two-hybrid system should be applicable. We
basal transcriptional activity since it is possible that the RNA-Xefer to these strategies as reverse n-hybrid systems. Just as it is
molecule directly or indirectly activates reporter gene transcriptioRossible to impose positive selections for AD-Y cDNAs that
in the absence of any exogeneous AD-Y hybrid protein. Th®ediate dlffert_ent n-hybrld interactions, it should also be _possmle
subsequent steps are identical to the two-hybrid selections a#@,select for interaction-defective alleles of AD-Y using the
again, identical AD cDNA libraries can be used. An importanflegative selections described above. This concept has been
control for the potential interactor selected from RNA-basef€monstrated in a reverse one-hybrid system configuration (
three-hybrid experiments is verification that MS2RNA-X isFig.1). After reconstitution of p53 binding to its DNA ognition
required for the read-out. Thus proteins that bind DB-RBSeduence incorporated within the promoter expressingi3
directly or that are bridged with DB-RBP through an endogenod@poner gene, mteractlon—dt_afectlve mutant alleles were selected
yeast RNA molecule or protein can be eliminated. In additiorifom & randomly generated library of mutant alleles. Remarkably,
when available, a functionally defective mutant version of X shoulf?@ny_alleles recovered from this selection corresponded to
be tested to verify specificity of the potential RNA-binding proteinMutations found in patients’d). It is also conceivable that
So far, the RNA-based three-hybrid system has been usg@mpensatory mutations in the corresponding DNA or RNA
successfully to select Eaenorhabditis eleganfem-3 mRNA binding sites, or derlvatlvegs of thg small molecules, could be
binding factor which was shown genetically to be required for sexuffcovered that restore the interaction.
fate in the hermaphrodite germlin@3}. In addition, a histone
MRNA-binding protein, called SLBP, was identified using thgNTRINSIC LIMITATIONS AND VARIATIONS OF THE
system and shown to be required for processing of this mMRNA (  NUCLEAR TWO-HYBRID

Small organic molecules can be useful in elucidating biological
mechanisms if they specifically affect functions of interest. Thus, The conventional two-hybrid strategy suffers intrinsic limitations
is often important to identify the protein targets of interesting smallecause of its reliance upon transcriptional activation. A major
molecules. Traditionally, the identification of small molecule-limitation is that neither the bait protein nor the potential interacting
binding proteins has relied upon biochemical methods incliring protein should be able to activate transcription on their own. This can
vitro affinity chromatography and radiolabeled ligand bindingbe a problem with transcriptional activators which naturally contain
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Situation Name Ref
“ @
Conventional —_ [ Two-hybrid 30

Swapped
Bait self-activates two-hybrid [
Both bait and Pol lli
inleractlm]:] protein two-hybrid 8
sel-activate
Post translational o
modification andfor Tribrid 79
trimeric complex system
required
Interaction not detectable
in the yeast nucleus and/or
UsPs 83
kinetics of interaction
needs to be studied
Interaction not detectable SRS 84

in the yeast nucleus

Figure 2. Variations on the two-hybrid theme. The conventional description of the two-hybrid system (line 1) has been extendedttoatiffgueations of
reconstituted transcription factors (lines 2—4). Furthermore, it was demonstrated that molecules other than transcriptian Eecteconstituted using two hybrid
proteins as long as two interacting moieties can bring them into close proximity (lines 5 and 6). X, protein of intes@stalirgeracting protein; DB, DNA-binding
domain; AD, activation domain; Pollll, RNA polymerase 1138, activator of Pollll; Z, third molecule that modifies or stabilizes X-Y interaction?Nubtant
form of N-terminal domain of ubiquitin; Cub, C-terminal domain of ubiquitin; Rep, reporter protein such as DHFR; MA, memtitrariegadomain of SRC; GEF,
GTPase exchange factor. The names and the references for the different systems are described in the text.

domains that activate the reporter genes when fused to the DBwas fused to the activation domain (AD—X) and a DB-Y library
addition, many proteins other than transcription factors are alseas screened. In the initial selection, many positive clones were
found to activate transcription when artificially fused to DB)(  selected (5000 for % 10° transformants), most of them
Both classes of proteins are referred to here as ‘self-activators’. representing DB-Y that can self-activate. These self-activators
When dealing with self-activators, several approaches can beuld be eliminated by selecting for loss of the AD-X bait
considered. First, the expression level of the DB—X fusion can l|asmid usingCYH2 (above;35) and subsequently testing the
decreased by using centromeric vectors and/or weaker promotalslity of the DB—Y hybrid protein to activatélS3 expression.
(above). Second, when usinglS3 as a reporter gene, the Among the initial 5000 positive colonies, 46 expressed AD—X
3-aminotriazole (3AT) concentration can be increased to elevabait-dependent interactors and among these a few have been
the growth threshold of the host strain. The drug 3AT acts assaown to be functionally relevarg@).
competitive inhibitor of thédlS3-encoded enzyme3§). Under In some extreme cases, including the study of protein
these conditions, it is expected that, even though DB—X activatesmplexes involved in RNA polymerase Il-mediated transcription,
HIS3transcription to some extent, the DB—X/AD-Y interactionone might imagine that, in addition to a self-activating bait, the
leads to morélIS3expression to overcome the growth thresholaexpected interacting protein(s) could also act as a self-activator.
imposed by 3AT {9). However, these two strategies are notn this case, the swapped two-hybrid configuration described
always successful, especially for strong self-activators. above would eliminate the desired interacting protein. To bypass
Finally, a swapped two-hybrid system can be used to deal withese problems, an RNA polymerase Il (Pollll)-based two-hybrid
self-activator baitsg0; Fig. 2). In this approach, the bait protein system was designe@1( Fig. 2). Here the endogeno®&NR6
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gene, which encodes the essential U6 snRNA, is replaced byNeterminal domain (NuB) was found to be unable to mediate this
mutated allele that contains Galdp-binding sites in its JFunctional interaction and, under these conditions, the two
regulatory region to constitute the reporter gene of the assay. Tthemains fail to reconstitute active ubiquitin. The ‘ubiquitin-based
bait protein X is fused to the Galdp DB (DB—X) and the potentiadplit protein sensor’ (USPS) takes advantage of these observations
interacting proteins Y are fused to the Pollll activating proteitio detect exogenous protein—protein interacti@®. (In this
1138 ([138-Y). In this particular configuration, AD-X/38-Y  configuration, the protein of interest is fused to Cub (Cub—X) and
interaction reconstitutes a functional Pollll-activating transcriptiorihe potential interacting proteins are fused to™(Mub™-Y).
factor. This two-hybrid version was shown to be capable ofhus the Cub—X/NUB-Y interaction reconstitutes a functional
detecting a well-characterized interactiodil)( However, it  ubiquitin which can target specific reporter proteins. In the
remains to be demonstrated that a screening procedure will bginal description of the system, the reporter protein used was
possible in such a Pollll-driven transcriptional system. human dihydrofolate reductase (DHFR) expressed as a fusion to
Another potential limitation of the two-hybrid involves the Cub—X and cleavage of that fusion was used as an indication for
failure of yeast cells to undergo various post-translationat/Y interaction. This two-hybrid version was proven capable of
modifications required for particular interactions in highemreconstituting the well-characterized homodimerization of the
organisms, in particular, glycoproteins or lipoproteins for whiclyeast Gendp leucine zipper domain. However, this strategy has
the non-peptidyl part of the molecule is suspected to be involvebt yet been adapted for the selection of novel interacting proteins.
in the interaction. To our knowledge, it has not been reported thiats possible to imagine a reporter protein that would be functionally
such modifications naturally found in cytoplasmic proteins camactive when fused to Cub—X. Under these conditiong—&/
indeed be reproduced in yeast to generate active two-hybiUb™-Y interaction would provide a selective advantage by
fusions. However, other modifications have been reported. In omgleasing the reporter protein from its covalent link to Cul&éX (
case, it has been shown that a tyrosine phosphorylation-depende# recent nodification to bypass the reconstitution of a
interaction could be detected when the corresponding kinase weanscription factor takes advantage of a cell proliferation
co-expressed in yeast celB2( Fig. 2). Several plasmids have signaling pathwayq7; Fig. 2). The ‘Sos recruitment system’
been designed to allow conditional expression of such a ‘thirdgSRS) uses as a signal recruitment to the yeast plasma membrane
trans-acting partner. In addition to mediating post-translationabf the human guanyl nucleotide exchange factor (GEF) hSos,
modifications of one of the two interacting proteins, this thirdvhich can functionally substitute for the essential yeast Ras-GEF
protein can directly contribute to the formation of a trimericCdc25p. In a yeast strain containing a thermosensitive allele of
complex with greater stabilityg). These different variations that CDC25 growth at non-permissive temperature occurs only if
involve third partners as native proteins, in the absence of ahggos can be recruited efficiently to the membrane and this
fused domains, are referred to as ‘tribrid systems’. requires a myristylation signal, such as the one contained in the
Finally, it has been shown that the two-hybrid system can I&rc protein kinase. Thus, in the SRS system the bait protein of
used as a tool to select for peptides that can interact with a proteiterest is fused to the GEF domain of hSos (GEF-X) and the
of interest 84). This strategy has been applied with a combinatorighteracting proteins are fused to the Src membrane-anchoring
library of constrained 20mer peptides displayed by the active sitlomain (MA) (MA-Y). Under these conditions, GEF-X/MA-Y
loop of bacterial thioredoxin8g). If this protein—peptide interaction allows recruitment of hSos to the membrane and
two-hybrid system turns out to be applicable for the generakscue of the yeastic25mutation. The SRS system has already
selection of ligands that affect the activity of proteins, it mighbeen used successfully in a screen for c-Jun interacting proteins
open an avenue toward the design of powerful research tools {@87). In that experiment, expression of the MA-Y hybrids was
in vivo functional studies in organisms for which geneticcontrolled by a galactose-inducible promoter, thus allowing the
strategies are not readily available. convenient elimination of chromosome-encodedc25-2
suppressors. However, one of the limitations of the system is that
Cdc25p function could be rescued by overexpression of mammalian
Ras proteins and other MA-Y fusion proteins, independent of any
interaction with c-Jun. This class of proteins could be a serious

One of the main limitations of the two-hybrid system is that potffmitation of this otherwise efficient alternative two-hybrid

the DB-X and the AD-Y fusions need to be transported to arﬁgategy..A pﬁssible solution to thfe é)_:%blem is based on the
properly folded in the nucleus. Thus, most current two-hybri@RServation that overexpression o ase activating protein

vectors encode DB and AD with a nuclear localization signal t§>AP) can suppress the bypass of Cdc25 function by &3s (
target the fusion proteins to the nucleus. However, prop owever, it remains to be shown whether this improvement

localization can represent a major difficulty, especially Wheﬁignificantly reduces the number of false positives obtained in

dealing with membrane-anchored proteins. Variations of thecreening procedures.
system that have been designed for those proteins that are not
active in the yeast nucleus are described in this section. TWO-HYBRID SYSTEMS IN PROTEOMICS

One such system relies on the properties of the ubiquitin protein
(86; Fig. 2). It is based on the observation that covalent additiofihe recent release of the complete genomic sequence of several
of ubiquitin polypeptides can recruit particular proteases for therganisms has introduced the need for large-scale projects that
specific degradation of target proteins. When ubiquitin isddress the function of the predicted proteins. The generation of
experimentally cleaved into C-terminal (Cub) and N-terminaprotein interaction maps corresponding to complete genomes, or
(Nub) domains, neither domain can mediate ubiquitin functiorsets of expressed genes in particular tissues, would represent a
while simultaneous expression of both domains reconstitutesasonable strategy to add valuable predictive functional information
active ubiquitinin trans However, a particular allele of the to crude sequence alignment®,00). As a genetic system, the

TWO-HYBRID SYSTEMS BASED ON DIFFERENT
CELLULAR PROCESSES
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two-hybrid assay has been proposed as the optimal method 1
this enormously challenging task. Indeed, recent publication
suggest that the method should allow such protein interactio
maps to be generated in a reasonable period of time.

A first attempt to analyze protein—protein interactions in a
systematic manner was proposed rosophila cell cycle {‘@gj\%\
regulators 91). It had been previously demonstrated that the interact
plasmids encoding the DB-X and AD-Y fusions can be "';__-;.3 .
introduced into the same yeast cell by a mating proceddye ( i
In this method, one plasmid is introduced into haploid cells of on
mating type and the other plasmid is introduced into cells of th
opposite mating type. Since yeast mating is very efficient, numerot
combinations of DB—X/AD-Y can be assayed simultaneously ir
diploid cells. Using a similar mating technique, a two-dimensiona
matrix was generated for cyclin-dependent kinases in whicl
potentially interacting proteins were detected in diploid cells. This
approach is nevertheless restricted by several considerations. Fil
only known or predicted proteins could be tested and this is an
obvious key problem in genome-wide projects. Second, the matrix
approach necessitates the use of a single set of growth conditioﬁg;ure 3. Forward and reverse two-hybrid systems in proteomics. Proteomes
which precludes the possibility of using an adapted seIectiv@refﬁg‘eghz{c'ew%?'zcrg‘;igz”g;“fn tsee}g‘;f”(g?Bar;f"gi S“%%?\L“Qjﬁfﬂ;‘gﬁ  ead
pressure f_or every SpeCIfI_C interaction. For example, the_ 3Ase|ections with DB—X baits lead to potential interactors. These interactions can
concentration cannot be adjusted to account for weak self-activatigfa validated using interaction-defective alleles and/or specific dissociators in
of certain DB—X baits. Third, the use of full-length proteins for bothfunctional assays. The combination of such functional assays and two-hybrid
the DB-X bait fusions and the AD-Y interacting proteins mightscreens could lead to comprehensive protein interaction maps. Adapted from
prevent the identification of several interactions due to varioug @houtetal (97).
intrinsic problems such as toxicity, folding and degradation. o .

Another systematic approach was carried out for a small viri§ed here to generate the large number of combinations required
genome 92). In this experiment, a large number of combinationd® test every single pair of predicted proteis) S
between the proteins encoded byEseherichia colbacteriophage Itis cqncelvable that in the near future, S|m|l_ar strategies will
T7 were tested and 25 interactions were identified. The approaBf_applied to protein interaction maps for higher eukaryotes
consisted of mating yeast cells containing libraries of randomi6.97). Many interactions will be reported and it will be critical
generated fragments of T7 phage DNA cloned into the DB a  define parameters that allow a careful comparison of results
AD fusion-encoding plasmids. Non-self-activating bait coloniedVithin and between organisms. Two-hybrid screens will have to
were mated, 10 at a time, with%:00 yeast colonies expressing P€ performed under comparable standardized procedures. The
the AD-Y library, leading to hundreds of positive combination§°mb'”at'°” of advanced forward a_md reverse n-hybrid strategies, in
defining 19 interactions. Subsequently, more specific screefaeir present forms as well as using future improvements, might
with defined baits led to the identification of six additionalContinue to deliver functional information on a more rational
interactions. This analysis of a 55 protein-encoding genome 1G@SiS (Fig3).
to the discovery of many novel interactions between different
proteins as well as between different domains of the same proteffc KNOWLEDGEMENTS

oo o s . o) tharic or oleagues and fiends Mike Brasch, Rong Jiang
y 9 arinda Ko, Stan Fields and Marian Walhout for careful reading of

significance. However, this study demonstrated that itis possi e manuscript. We apologize to the authors of the papers not cited
to systematically and efficiently identify many of the poss"bleoecause of space limitations. The work in our respective

connections between proteins encoded by a given genome. 55 ries is funded by NHGRI grant 1 RO1 HG01715-01 Al
Recently, an efficient mating strategy coupled with thcsi0 M.V. and by EU grant Biotech 95-0009 to P.L

generation of a large genomic library was used to perform o

exhaustive screens of the ye@atcharomyces cerevisigenome

with proteins involved in RNA splicing4€). By using this REFERENCES

strategy it was possible to classify the potential interacting | ane b p. and Crawford,L.V. (1978jture 278 261-263.

proteins in sets of various heuristic values. The most likely2 Linzer,D.I. and Levine,A.J. (197@ll, 17, 43-52.

candidates for interaction were subsequently used as baits arfil, Sawadogo,M. and Sentenac,A. (198aJu. Rev. Biochen®9, 711-754.

within a reasonable period of time, potential interaction networkst Koleske,AJ. and Young,R.A. (19%pture 368 466-469.

were built ‘around’ proteins of well-known functions. Subsequently,g éﬁﬂ’fg’é‘ (&gggﬁg?ﬁe'nyevaBé%ﬁgﬁgg 367-409.

dedicated functional assays were applied to confirm the suspect@d choi,K.v., Satterberg,B., Lyons,D.M. and Elion,E.A. (1984}, 78

function of the various interacting proteird304). Finally, a 499-512.

directed approach has been suggested to generate a yeast profeifirinten.J.A. and Sprague,G.F. (198&netics138 609-619.

interaction map by systematically cloning the complete set of ;‘:‘)Légﬁgga as;:grrzﬂﬁf”css”r&é;;?u”reré%éSé‘jé“_kz'g BeckerA.,

predicted ORFs into both the DB and AD vectors of theg powdy,s.F. Hinds,PW., Louie K., Regd,s.l.,ArnoId,A. and

two-hybrid systemd5). Similar mating strategies could also be  weinberg,R.A. (1993Fell, 73 499-511.




45

46

47

48

49
50

51

52

53

Ewen,M.E., Sluss,H.K., Sherr,C.J., Matsushime,H., Kato,J. and
Livingston,D.M. (1993)Cell, 73 487-497.

Zhu,L., Harlow,E. and Dynlacht,B.D. (1995¢nes Dey9, 1740-1752.
Krek,W., Xu,G. and Livingston,D.M. (199&kll, 83 1149-1158.
Whyte,P., Buchkovich,K.J., Horowitz,J.M., Friend,S.H., Raybuck,M.,
Weinberg,R.A. and Harlow,E. (198Bature 334 124-129.

Whyte,P., Williamson,N.M. and Harlow,E. (19&8Il, 56, 67—75.
Legrain,P. and Chapon,C. (19%)ence262 108-110.

Legrain,P., Chapon,C. and Galisson,F. (193)es Dey7, 1390-1399.
Bach,M.L. and Lacroute,F. (197¢pl. Gen. Genet115 126-130.
Silar,P., Butler,G. and Thiele,D.J. (19849I. Cell. Biol, 11, 1232-1238.
Nasmyth,K.A. and Reed,S.I. (198@pc. Natl Acad. Sci. USAY,
2119-2123.

Lee,M.G. and Nurse,P. (198¥ature 327, 31-35.

Elledge,S.J. and Spottswood,M.R. (19BWBO J, 10, 2653—-2659.
Klein,R.D., Gu,Q., Goddard,A. and Rosenthal A. (1%96g. Natl Acad.
Sci. USA93, 7108-7113.

Ishioka,C., Frebourg,T., Yan,Y.-X., Vidal,M., Friend,S.H., Schmidt,S. and
lggo,R. (1993Nature Genet5, 124-129.

Keegan,L., Gill,G. and Ptashne,M. (1986)ence231, 699—-704.
Brent,R. and Ptashne,M. (19&%)ll, 43 729-736.

Ma,J. and Ptashne,M. (19&7gll, 51, 113-119.

Triezenberg,S.J., Kingsbury,R.C. and McKnight,S.L. (1€88)es Dey?2,
718-729.

Ma,J. and Ptashne,M. (19883ll, 55, 443—-446.

Fields,S. and Song,O. (198%ature 340 245-246.

Chien,C.-T., Bartel,P.L., Sternglanz,R. and Fields,S. (1P@) Natl
Acad. Sci. USA88, 9578-9582.

Chevray,P. and Nathans,D. (19B®)c. Natl Acad. Sci. US89, 5789-5793.
Dalton,S. and Treisman,R. (1992l 68 597—-612.

Gyuris,J., Golemis,E., Chertkov,H. and Brent,R. (1€33) 75, 791-803.
Durfee,T., Becherer,K., Chen,P.-L., Yeh,S.-H., Yang,Y., Kilburn,A.E.,
Lee,W.-H. and Elledge,S.J. (1993¢nes Dey7, 555-569.

\ojtek,A.B., Hollenberg,S. and Cooper,J. (1998}, 74, 205-214.
Vidal,M. (1997) In Bartel,P.L. and Fields,S. (ed$)e Yeast Two-Hybrid
SystemOxford University Press, New York, NY, pp. 109-147.
Yang,X., Hubbard,E.J.A. and Carlson,M. (1982jence257, 680—682.
Golemis,E.A. and Khazak,V. (199Vlethods Mol. Bio| 63, 197-218.
Bartel,P., Chien,C.T., Sternglanz,R. and Fields,S. (1B@3pchniques
14, 920-924.

Stutz,F., Neville,M. and Rosbash,M. (19@8)I, 82, 495-506.
Neville,M., Stutz,F., Lee,L., Davis,L.l. and Rosbash,M. (199%#). Biol.,
7, 767-775.

James,P., Halladay,J. and Craig,E.A. (1@®)etics 144 1425-1436.
Bendixen,C., Gangloff,S. and Rothstein,R. (1904gleic Acids Res22,
1778-1779.

Fromont-Racine,M., Rain,J.C. and Legrain,P. (18&&yre Genef 16,
277-282.

58

59

61
62

63

65

66

69

70

71

80

81

82
83

84
85

Soares,M.B., Bonaldo,M.F., Jelene,P., Su,L., Lawton,L. and Efstratiadis,Agg

(1994)Proc. Natl Acad. Sci. USA1, 9228-9232.

Vidal,M., Brachmann,R., Fattaey,A., Harlow,E. and Boeke,J.D. (1996)
Proc. Natl Acad. Sci. USA3, 10315-10320.

Huang,J. and Schreiber,S.L. (199®)c. Natl Acad. Sci. USA4,
13396-13401.

Leanna,C.A. and Hannink,M. (1998)cleic Acids Res24, 3341-3347.
Shih,H.M., Goldman,P.S., DeMaggio,A.J., Hollenberg,S.M., Goodman,R.H.
and Hoekstra,M.F. (199®roc. Natl Acad. Sci. USAR3 13896-13901.
Vidal,M., Braun,P., Chen,E., Boeke,J.D. and Harlow,E. (1988&). Natl
Acad. Sci. USA93, 10321-10326.

Cayrol,C., Cabrolier,G. and Ducommun,B. (199u@}leic Acids Res25,
3743-3744.

Inouye,C., Dhillon,N., Durfee, T., Zambryski,P.C. and Thorner,J. (1997)
Genetics 147, 479-492.

Jiang,R. and Carlson,M. (199B¢nes Dey10, 3105-3115.

White,M.A. (1996)roc. Natl Acad. Sci. USAR3 10001-10003.
Yasugi,T., Vidal,M., Sakai,H., Howley,P.M. and Benson,D. (199Y)rol.,
71, 5942-5951.

Amati,B., Brooks,M.W.,, Levy,N., Littlewood,T.D., Evan,G.I. and Land,H.
(1993)Cell, 72, 233-245.

87
88
89
90
91
92
93
94

95

97

Nucleic Acids Research, 1999, Vol. 27, No. 4 929

White,M.A., Nicolette,C., Minden,A., Polverino,A., Van Aelst,L., Karin,M.
and Wigler,M. (1995Fell, 80, 533-541.

Fattaey,A.R., Harlow,E. and Helin,K. (1998)l. Cell. Biol, 13 7267-7277.
Vidal,M. and Endoh,H. (1998yends Biotechnglsubmitted for publication.
Wang,T., Donahoe,P.K. and Zervos,A.S. (1%2¢nce265 674-676.
Young,K., Lin,S., Sun,L., Lee,E., Modi,M., Hellings,S., Husbands,M.,
Ozenberger,B. and Franco,R. (1988YureBiotechnol, 16, 946-950.
Kadonaga,J.T. and Tjian,R. (1988pc. Natl Acad. Sci. USA3
5889-5893.

Singh,H., LeBowitz,J.H., Baldwin,A.S.,Jr and Sharp,P.A. (1884) 52,
415-423.

Laird-Offringa,l.A. and Belasco,J.G. (199%pc. Natl Acad. Sci. USA2,
11859-11863.

Chong,J.A. and Mandel,G. (1997) In Bartel,P.L. and Fields,S. (eds),
The Yeast Two-Hybrid Syste®xford University Press, New York, NY,
pp. 289-297.

Li,J.J. and Herskowitz,l. (199Skience262 1870-1874.

Wang,M.M. and Reed,R.R. (1998xture 364 121-126.

Chong,J.A., Tapia-Ramirez,J., Kim,S., Toledo-Aral,J.J., Zheng,Y.,
Boutros,M.C., Altshuller,Y.M., Frohman,M.A., Kraner,S.D. and Mandel,G.
(1995)Cell, 80, 949-957.

Inouye,C., Remondelli,P., Karin,M. and Elledge,S. (1€ Cell Biol,
13, 731-742.

Zhang,B., Kraemer,B., Sengupta,D., Fields,S. and Wickens,M. (1997)
In Bartel,P.L. and Fields,S. (ed$he Yeast Two-Hybrid System

Oxford University Press, New York, NY, pp. 298-315.

SenGupta,D.J., Zhang,B., Kraemer,B., Pochart,P., Fields,S. and
Wickens,M. (1996)roc. Natl Acad. Sci. USA3, 8496-8501.

Zhang,B., Gallegos,M., Puoti,A., Durkin,E., Fields,S., Kimble,J. and
Wickens M.P. (1998Nature 390 477-484.

Wang,Z.F., Whitfield,M.L.|ngledue, T.C., Dominski,Z. and Marzluff,W.F.
(1996)Genes Dey10, 3028—-3040.

Licitra,E.J. and Liu,J.O. (199Byoc. Natl Acad. Sci. USAR3 12817-12821.
Crabtree,G.R. and Schreiber,S.L. (1996hds Biochem. ScP1, 418-422.
Godowski,P.J., Picard,D. and Yamamoto,K.R. (1$8&)nce241, 812-816.
Brachmann,R., Vidal,M. and Boeke,J. (19B&)c. Natl Acad. Sci. USA
93, 4091-4095.

Yasugi, T., Benson,J.D., Sakai,H., Vidal,M. and Howley,P.M. (1997)

J. Virol., 71, 891-899.

Du,W.,, Vidal,M., Xie,J.-E. and Dyson,N. (1996¢nes Dey10,
1206-1218.

Marsolier,M.C., Prioleau,M.N. and Sentenac,A. (199Hol. Biol, 268
243-249.

Osborne,M.A., Dalton,S. and Kochan,J.P. (1#8Yechnologyl3 1474.
Tirode,F., Malaguti,C., Romero,F., Attar,R., Camonis,J. and Egly,J.M.
(1997)J. Biol. Chem 272 22995-22999.

Yang,M., Wu,Z. and Fields,S. (1998)icleic Acids Res23 1152-1156.
Colas,P., Cohen,B., Jessen,T., Grishina,l., McCoy,J. and Brent,R. (1996)
Nature 380 548-550.

Johnsson,N. and Varshavsky,A. (199)c. Natl Acad. Sci. USAR1,
10340-10344.

Aronheim,A., Zandi,E., Hennemann,H., Elledge,S.J. and Karin,M. (1997)
Mol. Cell. Biol, 17, 3094-3102.

Aronheim,A. (1997Nucleic Acids Res25, 3373-3374.

Lander,E.S. (1996cience274 536-539.

Fields,S. (199Mlature Genet 15, 325-327.

Finley,R.L.,Jr and Brent,R. (1998joc. Natl Acad. Sci. USAR1,
12980-12984.

Bartel,P.L., Roecklein,J.A., SenGupta,D. and Fields,S. (1¢&6ye
Genet, 12, 72-77.

Siomi,M.C., Fromont,M., Rain,J.-C., Wan,L., Wang,F., Legrain,P. and
Dreyfuss,D. (1998Mol. Cell. Biol, 18 4141-4148.

Rain,J.-C., Rafi,Z., Rhani,Z., Legrain,P. and Kramer,A. (1898), 4,
551-565.

Hudson,J.R.,Jr, Dawson,E.P., Rushing,K.L., Jackson,C.H., Lockshon,D.,
Conover,D., Lanciault,C., Harris,J.R., Simmons,S.J., Rothstein,R. and
Fields,S. (19975enome Res7, 1169-1173.

Regalado,A. (1998chnol. Rey101, 51-53.

Walhout,M., Endoh,H., Thierry-Mieg,N., Wong,W. and Vidal,M. (1998)
Am. J. Hum. Geng63, 955-961.



