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ABSTRACT
Two-hybrid schemes for detecting protein-protein interactions have deepened our
understanding of biology by allowing scientists to identify individual important
proteins. Recent developments will allow biologists to chart regulatory networks
and to rapidly generate hypotheses for the function of genes, allelic variants, and
the connections between proteins that make up these networks. Future devel-
opments will allow biologists to test inferences about the function of network
elements, and allow global approaches to questions of biological function.
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INTRODUCTION

Saccharomyces cerevisia@as sequenced in 1996 (17, 37¢€aenorhabditis
eleganswill be sequenced by the time this article appeaksomo sapiens

will be sequenced by 2003, but the sequence of its coding genes is moving
much faster: as of this writing (1997) some sequence from 80% of its genes
is available in commercial databases; and by the time this article appears, it is
likely that a similar quantity of gene sequence will be available to the public.

Unfortunately, the sequence of a gene does not always reveal its biological
function. For example, from sequence analysis, 30% of yeast genes have known
human homologs, 40% are similar enough to other genes in other organisms
to suggest function in general, and 30% are unlike any sequence seen before
(17,36). The problem is compounded by the fact that large numbers of genes
work together to effect any given biological process, so that to understand bi-
ology, it is not sufficient to understand the function of individual genes. Thus,
the problem confronting biologists wishing to understand gene function is a
daunting one. There are too many genes (and too few biologists) to allow con-
ventional genetic methods (2, 7, 33, 45-49, 52,53, 56, 81, 89, 90) to establish
their biological function within our lifetimes.

Grim as this situation is, it contains two rays of hope. One is that the
problem is finite. The human genome may encode 80,000 genes, or 100,000,
or 120,000, but it is unlikely to encode 200,000 [for example, see Reference
(70)]. The second is that many proteins work by touching one another, either
to form lasting functional complexes, or in transient interactions that result in
modifications to one of the interacting partners. The biological processes that
handle cellular information flow and control cellular decisions, from signal
transduction to cell cycle regulation, are largely governed by these protein-
protein interactions. If intermediary metabolism is the industrial economy of
the cell, then these decision-making networks represent the cell’s postindustrial
economy (see Figure 1). As we describe below, two-hybrid methods are well
suited to dissect the genetic pathways that govern such cellular decisions, and
their extension will give insight into pathways that have not yet been discovered.
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Figure1 Industrial and postindustrial cellular economies. Tdpepanekhows a typical metabolic
pathway, in this case the pathway involved in biosynthesis of threoniBe ¢erevisiag91). In

it, enzymes, here named by the names of the genes that encode them, act successively on small
molecule substrates. Th®ttom paneshows a typical decision making pathway, in this case one
governing entry into apoptosis in mammalian cells. In it, proteins, here called by the names in
common use, act on one another, often by direct protein-protein interaction. The consequence of
these interactions is a cellular decision whether to enter apoptosis (77, 91).
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Here, we review current uses of simple two-hybrid systems, and we describe
some of their more widely used spin-offs. We then describe the emerging use
of such systems to chart genetic regulatory networks, to assign function to new
genes, to place these into ordered pathways, and to select molecules that can
test simple hypotheses about their function. We then describe the possible
future uses of two-hybrid and successor methods to provide rough substitutes
for some of the methods of classical genetics, and to extend genetic analysis to
biological systems so far considered intractable.

YEAST TWO-HYBRID SYSTEMS

Generic Yeast Two-Hybrid Systems

The earliest and simplest two-hybrid system, and the core of many current
versions, is an assay in vivo for interaction between two specially constructed
proteins (27) (Figure 2). The assay is conducted in y&asigrevisiagand uses
transcription of yeast reporter genes to measure the protein interaction. One
of the two proteins is expressed as a fusion to a DNA-binding domain from
a transcription factor, and the other is expressed as a fusion to a transcription

YO

bait

_\DB [gene »

Figure 2 Generic two-hybrid system (27). Interaction of proteins X and Y upstream of a reporter
gene in yeast leads to transcription activation. Figure shows that X is part of a chimeric protein,
which binds to a site on DNA upstream of a reporter gene (“gene”) by means of a DNA-binding
moiety (“DB”). Y is also part of a chimeric protein, which also carries an activation domain
(“AD”). The protein interaction that situates the activation domain in the vicinity of the reporter
gene stimulates its transcription. Commonly, BD is the DNA-binding domain from either Gal4,
or nativeE. coli LexA, and the sites placed upstream of the reporter are Gal4 binding sites or
LexA operators, respectively. AD is an activation domain typically derived from Gal4, from VP16,
or from B42 (see text). The BD fusion is referred to as the “bait”, since the most common use
for it is to fish for or trap library-encoded proteins that interact with a known protein such as X;
for this reason, the AD fusion is sometimes referred to as the “fish” or the “prey.” Although the
stimulation of transcription by such two-protein complexes to study transcription was anticipated
by Ma & Ptashne (64), independent work by Fields & Song (27) developed this general assay for
protein-protein interactions.
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activation domain. If the fusion proteins interact, they activate transcription of
specially designed reporter genes that carry binding sites for the DNA binding
partner.

History

TRANSCRIPTION ACTIVATION Development of two-hybrid assays relied on the
accumulated understanding of eukaryotic transcription initiation. Experiments
done in the mid-1980s established that transcriptional activators are frequently
modular, with at least two separable domains: one that binds to DNA, and an-
other that activates transcription (Figure 3). First, experiments in yeast showed
that binding to a DNA site in a eukaryote, either by a prokaryotic repressor
or by a deletion derivative of a eukaryotic activator, was not sufficient to ac-
tivate transcription (13,57). Second, domain swap experiments demonstrated
that chimeric proteins that contained a DNA-binding domain fused to portions
of eukaryotic transcription activators stimulated transcription. This fact was
demonstrated in yeast by expressing a hybrid of the DNA-binding domain from
the bacterial repressor LexA and the activation domain from the yeast transcrip-
tion factor Gal4 (14). The hybrid bound to LexA recognition sites (operators)
placed upstream oflacZ reporter gene and activatéatZ transcription. Sub-
sequent experiments showed that other chimeric proteins functioned in yeast,
including chimeras that consisted of DNA binding domains fused to activation
domains randomly encoded Egscherichia colDNA (63).

DNA binding domains Inspection of protein sequences in current databases
reveals thousands of proteins with sequence motifs that indicate they bind spe-
cific sites on DNA. These proteins (and their DNA binding domains) are often
rotationally symmetric dimers or tetramers; in eukaryotes, these typically bind
to 10- to 20-bp sites within the promoter or enhancer region of a gene. For ex-
ample, the two best studiedl cerevisiag¢ranscription factors, Gal4 and Gcn4,
are dimers that bind recognition sites located within a few hundred base pairs
upstream of transcription start points (8, 35, 51). Gal4, Gcn4, and other DNA
binding proteins contain identifiable domains that contact these sites. A cur-
sory examination of publicly available protein sequences reveals more than 30
sequence families of such DNA binding domains.

Activation domains Many eukaryotic transcription activators contain at least
one activation domain. Various activation domains may work through different
mechanisms, but all of them are thought to function by interacting directly or
through intermediary proteins with RNA polymerase II- or Ill-associated pro-
teins in the vicinity of the transcription start site [reviewed in (76)]. Activation
domains have in common the property that they do not need to be positioned
precisely at the promoter in order to activate (51a, 96).
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It is now clear that the modular organization of eukaryotic gene regulatory
proteins is a general rule, and that most eukaryotic transcription activators
possess distinct DNA binding and transcription activation domains. Yeast two-
hybrid systems take advantage of this modularity.

DEVELOPMENT INTO TWO-HYBRID METHODS The efflorescence of rough and
ready protein engineering that established the modular nature of transcription
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Figure 3 Modular nature of transcription factorsa. Gal4 is a yeast transcription factor that
binds at specific sites upstream of ye@#L genes to activate transcription. Placement of Gal4
binding sites upstream of other genes or reporters will make them Gal4 responsive. Gald is a
single polypeptide with separate functional domains: a major transcription activation domain at its
carboxy terminus, (AD) and an amino-terminal DNA-binding domain (IBJFusion experiments
showed that transcription factors are modular. A fusion protein consisting of the Gal4 BD and an
acidic activation domain (B42) encoded By coli sequences can bind to Gal4 sites and activate
transcription (63). Likewise, a fusion containikgcoli LexA and the Gal4 activation domain can
bind to LexA binding sites (LexA operators), placed upstream of a gene and activate transcription
(14). c. Two-hybrid transcription activators. Fusions of the Gal4 BD with protein X and the Gal4
AD with protein Y can reconstitute an active transcription factor if X and Y interact with each other
(27). Fusions of LexA with protein X and the B42 AD with protein Y demonstrate that an active
transcription factor can consist entirely of proteins not encoded by the yeast genome (41, 111).
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activators provided one inspiration for the two-hybrid methods. Another came
from experiments that showed that transcription could be activated by binary
protein complexes, in which the DNA binding and activation domains resided
on separate polypeptide chains. This was first demonstrated for the naturally
occurring protein Oct-1, which possesses a DNA-binding domain that locates it
to certain promoters, but only activates those promoters when it is further com-
plexed with a transcription activation domain provided by the Herpes Virus
protein, VP16 (88, 95, 96) (this phenomenon is now called “recruitment”). At
about the same time, Ma & Ptashne demonstrated that a DNA-bound Gal4
derivative, which could not activate transcription, did activate when it recruited
a chimeric protein that contained a Gal4-interacting protein (Gal80) and an
activation domain (64). The significance of these experiments lay in their
demonstration that the DNA-binding domain and activation domain of a func-
tional transcription factor can reside on different polypeptides, and that tran-
scriptional activity could be reconstituted when those polypeptides interacted.
A third source of inspiration for two-hybrid methods came from efforts to use
chimeric transcription activators and specialized reporter genes to reveal or con-
fer transcription activation on oncoproteins and regulatory proteins from higher
eukaryotes (42,59), and to use the transcription activation as a phenotype to
identify from cDNA libraries proteins that modified transcription activity of
those chimeric proteins (EA Golemis & R Brent, unpublished), and thus might
interact with them genetically.

However, it was independent work by Fields & Song that resulted in the first
general genetic assay for protein interactions (27). These workers measured the
interaction between two yeast proteins involved in regulatingsti€2gene,

Snfl and Snf4, by expressing them as chimeras. One chimera contained the
DNA-binding domain (DB) of Gal4 at the amino terminus of Snfl, and the
other contained an activation domain (AD) from Gal4 at the amino terminus
of Snf4 (Figure 4). Interaction between the two chimeric proteins brought the
activation domain to dacZ reporter containing Gal4 binding sites and was
detected whes-galactosidase encoded lacZ caused a colony to turn blue

on X-Gal indicator plates. Because Snfl and Snf4 are not transcription factors,
these experiments uncoupled the study of interaction from the requirement that
either underivatized partner affect transcription. They also showed that the two-
hybrid assay provides a genetic means to measure protein-protein interactions
in vivo, and to identify domains and structural features of proteins involved in
these interactions. Moreover, the two-hybrid assay suggested a way to isolate
new proteins, and the DNA that encodes them, based on their ability to interact
with known proteins. Reduction of these ideas to practice took a long time
[for example, see Reference (18), discussed below], since it took time to devise
systems where the transcription phenotypes were selectable, and to construct
high quality interaction libraries (18, 24,41,101,111).
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Figure 4 The first two-hybrid assay (27). Fields & Song showed that interaction between a
fusion protein that contained the Gal4 DNA-binding region fused to Snfl, and a fusion protein that
contained Snf4 fused to the Gal4 C-terminal activation region (region I1) resulted in transcription
of a Gal4-responsive reporter gene.

Present State of the Art

FINDING INTERACTING PARTNERS The most established use of two-hybrid
methods is in interactor hunts, to isolate new proteins from activator domain-
tagged libraries that interact with LexA or Gal4 fusion “baits.” In the first
published experiment of this kind, Fields and colleagues (18) used a bait that
contained Gal4-DB and activation partners that contained the Gal4-AD. First,
they constructed yeast plasmids that directed the synthesis of baits and poten-
tial interaction partners with these moieties fused to yeast Sir proteins, which
regulate transcriptional silencing. They expressed pairwise combinations of
the fusion proteins and detected interactions whenatg reporter was acti-
vated. In this manner they showed that Sir4 could interact with itself and with
a number of Sir4 deletion derivatives.

Chien et al then showed that this assay could be used to identify new inter-
acting proteins. They transformed a yeast strain that expressed a bait protein,
Sir4 fused to Gal4-DB, with a plasmid library expressing yeast proteins fused to
Gal4-AD, and identified transformants that turned blue on the indicator plates.
While some of the library plasmids in the blue colonies encoded Gal4, which
boundto the Gal4 sites carried on the reporter, others encoded proteins thatinter-
act with Sir4, including Sir4 itself (as expected from the previous experiments)
and a new Sir4-interacting protein, Sfil (as hoped) (18). These results demon-
strated the potential of yeast two-hybrid methods to identify new proteins that
interact with known proteins, along with the genes or cDNAs that encode them.

The two-hybrid method for isolating new proteins was further developed in
several labs (24,41,101). At about the same time, Dalton & Treisman (22)
used a method with serum response factor (SRF) and reporters containing SRF
binding sitesto isolate SRF-interacting proteins from a cDNA library expressing
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fusions to VP16. Although the SRF bait in these experiments bound DNA on
its own, and this experiment was thus not technically a two-hybrid experiment,
the conceptual similarity is clear.

Thefirst significantimprovementto the system was the inclusion of additional
reporters whose expression is required for yeast growth. Reporters derived from
the yeast EU2 gene oHHIS3gene enabled researchers to apply a selection for
yeast expressing them by plating yeast containing library plasmids on media
lacking leucine or histidine, respectively (41, 24, 101). Use of these selectable
marker genes transformed the interactor hunt procedure from a screento a selec-
tion for interacting proteins, allowing relatively rare clones to be isolated. Most
systems now use both the selectable markerlacd (Figure 5). By requir-
ing both reporters to be activated during an interactor hunt, the investigator can
identify and discard cells that contain library proteins that may bind specifically
to the regulatory region of one of the reporters, rather than to the bait.

A typical interactor hunt (1, 3,29, 31) begins with a strain that contains a
LEU2 or HIS3 reporter along with dacZ reporter, and that expresses a bait
protein of interest fused to LexA or to the Gal4-DB. The strain that contains the
bait is then transformed with a plasmid library that expresses cDNA encoded
proteins fused to an activation domain. Transformants are generally selected in
liquid or on plates, then plated onto selection plates where only yeast expressing
theLEU2o0rHIS3gene grow. These are then tested for activation dettiére-
porter by placing them onto X-Gal plates or by afiliegalactosidase assay (1).

The first step in characterizing colonies in which both reporters are active is
to show that activation of the reporters is due to the activation tagged protein
(sometimes called the “prey” or “fish” protein) and not to a yeast mutation. This
isdone by reintroducing the library plasmid into the original strain that expresses
the bait and recapitulating activation of the reporters. A second important testis
to show thatthe library-encoded protein interacts specifically with the protein of
interest and not with, for example, the LexA or Gal4 moiety of the bait, or with
other unrelated bait proteins. This is done by introducing the library plasmid
into strains expressing other bait fusions and showing that cDNA expression
results in activation of the reporters only in strains containing the original bait.
The specificity test is often done using an interaction mating assay as described
below. This assay is useful in identifying nonspecific interactors, proteins that
appear to interact with many different baits.

COMPARING DIFFERENT SYSTEMS During the early 1990s, a number of labs
developed two-hybrid systems, each of which differ in their components.

Reporters The three systems in most common use (24, 41, 101) differ signif-
icantly in their reporters. All three systems useZ reporters derived from
a GAL1l-lacZfusion that has the yea@AL1 promoter lacking its upstream
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transcription control region, and a small portion of tBAL1 coding region
fused in-frame witHacZ (105, 110). Thes&acZ reporters have various hum-
bers of either LexA operators or Gal4 binding sites placed upstream of the
transcription start site. These reporters exist on derivatives of the original
multicopy yeast plasmids or on plasmids that can be integrated into the yeast
genome. Thereporter phenotypes from the integlatetteporters are weaker,
typically making these reporters less sensitive to weak interactions.

In addition, as described above, these systems feature a second reporter gene
whose transcription restores a nutritional prototropy. Yeast strains bearing chro-
mosomalHIS3 or LEU2 reporters with upstream binding sites for either Gal4
or LexA are in common use. These selectable reporters are highly sensitive
to transcriptional activation allowing detection of even weak interactions [for
example see Reference (25)]. Their high sensitivity, however, can present a
significant problem when using bait proteins that by themselves activate tran-
scription. TheHIS3reporters introduced by Vojtek et al (101) and Elledge and
coworkers (24) provide one way to deal with such activating baits. Itis possible
to adjust the amount dfliIS3 activation required for histidine prototropy, and
hence the sensitivity of the reporter, by adding a competitive inhibitor of the
HIS3gene product, 3-aminotriazole (3-AT). Thus, for baits that activh&S,
3-AT is added to the medium to a level that makes the strain auxotrophic for
histidine, and then the activation library can be screened to detect interacting
proteins that result in further activation 1S3 (24).

Similarly, the sensitivity of the_.EU2 reporters can be adjusted by adding
6-fluoroleucine to the medium (C Denis, personal communication). However,
in the system described by Gyuris et al (41), the sensitivity ofL#&&2 and
lacZ reporters is usually adjusted by choosing versions with different numbers
of upstream LexA operators.

Bait expression vectorsin the workhorse versions of the three commonly used
systems, baits are expressed from plasmids as moieties fused C-terminal to a
LexA or Gal4 moiety. Both the Gal4 moiety and the “full-length” LexA moi-
eties used contain sequences that promote dimerization of the fused protein and
thus binding to the reporters. The most significant difference between these two
domains is that the Gal4 amino terminus contains a nuclear localization signal
while LexA does not (86). This difference has several consequences. First,
for many LexA fused baits, the nuclear concentration is lower than it would
be if the bait were localized to the nucleus, although the resulting nuclear con-
centration is typically sufficient for the bait, as judged by in vivo repression
assays (13), to occupy operators more than 50% of the time (39); since the prey
is always localized to the nucleus, this fact ensures that the concentration of
the prey is usually greater than the concentration of the bait, which allows the
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Figure 5 A dual reporter system (41). THeft panelshows a yeast cell with a bait, LexA-X,
upstream of LexAop-lacZ and LexAop-LEU2 reporters. Except for the reporters, the cells lack
functionallacZandLEU2genes. These reporters are chosen by the investigator to have the desired
level of sensitivity to protein interactions. Thight panelshows that transcription of both reporters

is activated by interaction of the bait with a second fusion protein, Y fused to an activation domain.
Cells with both reporters active form colonies on medium lacking leucine, and those colonies are
blue on X-gal medium. Expression of the Y-AD fusion protein is conditional, and the reporter
phenotypes are thus observed only under conditions where Y-AD is expressed.

bait concentration to be neglected in calculations of the approximate affinities
these systems can detect [used in (25)]. Second, the typically lower nuclear
concentration of LexA baits means that, when expressed from integrating vec-
tors, many LexA fusions are not produced in sufficient amounts to efficiently
occupy the reporters, leading to a loss of sensitivity not found for integrating
Gal4 bait expression vectors. A number of variant LexA expression vectors
exist, including ones that contain nuclear localization sequences, ones that fuse
LexA to the C terminus of the bait, and ones that induce the synthesis of the
bait only when cells are grown on galactose (12, 34a).

Prey expression vectorsThe systems differ more significantly in their prey
vectors (Figure 6). The prey vector used by Gyuris et al (41) uses the relatively
weak activation domain, B42, encodedmbycoli, and expresses fused proteins
that also contain a nuclear localization sequence and an epitope tag. The B42
activation domain may increase the spectrum of proteins recovered by obviating
the toxic effects (squelching) that strong transcription activators have in yeast
(34). The system developed by Elledge et al (24), uses Gal4 activation domain
II, which is derived from the C terminus of the protein (65). The system
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Figure 6 Prey proteins in the most commonly used systems. Figure shows the moieties carried
on activation domain expression vectors from the systems described by Hollenberg, Sternglanz
& Weintraub (101); by Becherer, Kilburn & Elledge (24); and by Gyuris et al (41). Because of
the requirement that open reading frames (ORFs) encoded by cDNA inserted in these vectors be
expressed in frame with the fused moieties, all these vectors have the ORF expressed C terminal to
their other moieties. In all these systems, preys are localized to the nucleus by addition of a nuclear
localization sequence derived from SV40 T antigen. Preys expressed by the Gyuris vector include
the HA epitope tag from influenza virus hemaggluttinin to facilitate their detection and purification
by immunological methods. Preys in the Gyuris system are expressed under the control of the
yeastGAL1promoter whose expression is shut off if the cells are grown on glucose; the prey vector
in the Becherer, Kilburn & Elledge system makes the yeast sensitive to cyclohexamide, so that
only yeast that have lost the prey plasmid will grow on such medium; both systems thus provide a
means to verify that reporter transcription depends on prey. The major difference between preys
expressed by these systems lies in the activation domain. The VP16 activation region [residues
401-479] is a stronger activation domain than the C-terminal region activation region Il of Gal4
[residues 768—881], and Gal4 region Il is a stronger activation domain than B42. Use of B42 may
increase the spectrum of proteins recovered in hunts by eliminating the toxicity (squelching) that
Gal4 and stronger transcription activators can have on yeast (34).

described by Vojtek et al (101) uses the still more powerful activation domain
derived from herpes simplex virus VP16.

The prey expression vectors also differ in whether they allow verification
that the reporter phenotypes depend on expression of a protein encoded by the
prey plasmid. One way to facilitate such verification is to express the prey
conditionally. Gyuris et al (41) pioneered the expression of cDNA-encoded
proteins from the intact yea&AL1 promoter. This promoter is only active
in cells grown in galactose but repressed in cells grown in glucose. Use of
inducible libraries allows one to identify and eliminate one of the large classes
of false positive that arise during a hunt. These occur in cells that, because of
genetic or epigenetic changes, activate the reporter genes independently of the
library protein. For example, it is common to observe some bait proteins that
activate the reporters at a very low level; during a hunt, cells often arise in which
more of the bait is expressed; and in which the reporters are active (EA Golemis
& R Brent, unpublished). For some baits a large fraction of the positives fall
into this class. In the system designed by Gyuris et al, these false positives are
identified because the reporters are active even when the cDNA is not expressed,
i.e. inglucose. Inducible libraries also offer the advantage of allowing isolation
of cDNAs that encode mildly toxic proteins (41).
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Unfortunately, these galactose-inducible libraries cannot be used with sys-
tems that use the Gal4 DNA-binding domain; in these systems the yeast strain
mustlack endogenous Gal4, which is needed to activatethd promoter. An-
other approach to the problem, introduced by Elledge and coworkers, is to make
prey expression plasmids that carry a counter-selectable marker (e.yj. Cyh
which causes sensitivity to cyclohexamide). Cyclohexamide-resistant host cells
that no longer carry the prey plasmid can form colonies on medium contain-
ing cyclohexamide, allowing the investigator to select cells that have lost the
prey plasmid and to verify that those cells no longer display the transcription
phenotypes.

More recently, researchers have combined and modified components of dif-
ferent systems to consolidate some of their advantages into integrated user-
friendly systems [for example, see References (12, 31, 55, 58)]

OTHER TRANSCRIPTION-BASED INTERACTION
DETECTION METHODS

Systems that Detect Interactions Dependent on Third Proteins

Some protein-protein interactions cannot be detected with standard two-hybrid
methods because they require a third molecule not normally available in yeast.
For example, the affinity of two proteins that contact each other directly may
be enhanced by the expression of a third protein that contacts both (Fagyure 7
Elion, Sprague, and Wigler and their coworkers observed this for two yeast
signal transduction proteins, Ste7 and Stell, which interact better in yeast that
express Steb, a protein they both contact; subsequent biochemical experiments
confirmed that Ste5, Ste7, and Stel1 existin a multiprotein complex (20, 66, 75).
In another example, Ozenberger & Young (74) demonstrated enhanced dimer-
ization of the mammalian growth hormone receptor (GHR) in cells that also
expressed the peptide growth hormone (GH).

Expression of a third protein can also be used to detect interactions between
proteins that make no direct contact, but interact solely via a third, bridging
protein (Figure B). Wigler and colleagues demonstrated, for example, that
the signal transduction proteins Ras and Mek interact in a complex bridged by
Raf, and tha. pombécdl bridges interactions between Cdc42 and scd2, and
between Cdc42 and Ras (15, 97).

Finally, expression of a third protein can sometimes facilitate a protein-
protein interaction without forming a lasting part of a stable complex (Fige)re 7
This situation arises for interactions that depend on posttranslational modifica-
tions that are relatively uncommon in yeast. The only such examples we are
currently aware of are for interactions that depend on tyrosine phosphoryla-
tion. For example, Osborne et al (73) expressed a tyrosine kinase, Lck, while
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Z stabilizes interaction

a between A and B

b Z bridges interaction
between A and B

C Z modifies A, which allows

interaction with B

Figure 7 Different kinds of ternary protein complexea. Stabilizing. Protein Z stabilizes the
interaction of A and Bb. Bridging. Z contacts A and B with different surfaces; A and B make no
direct contactc. Sequential. Z modifies A and dissociates. Modified A then contacts B.

conducting interactor hunts with intracellular portions of receptors as baits. By
this means they were able to isolate proteins with immunoreceptor-based tyro-
sine activation motifs (ITAMs), which interacted with tyrosine phosphorylated
forms of the receptors.

The fact that multiprotein complexes can be detected by two-hybrid methods
can be exploited in interactor hunts. For example, a third protein can be ex-
pressed to facilitate or enhance interactions between a bait protein and library
proteins. Alternatively, a hunt can start with a cell that expresses a bait and prey
protein that does not interact or that interacts poorly, and an expression library
screened for proteins that bridge or enhance their interaction.

The existing results with three-protein systems suggest an obvious cautionary
note for interpreting two-hybrid interactions; in any given case, itis conceivable
that a detected binary interaction depends on one or more yeast proteins, and
thus may not involve direct contacts between the individual partners.

Systems that Detect Interactions Dependent

on Small Molecule Ligands

Augmented two-hybrid assays are also useful in the detection of interactions
that depend on a third, non-protein, ligand. Lee et al (60), for example, isolated
proteins that interact with the thyroid hormone receptor (TR) by conducting
two-hybrid hunts either in the presence or absence of thyroid hormone. They
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found two classes of TR interacting proteins: those that interacted with TR
only in the presence of thyroid hormone, and those that interacted with TR
only in the absence of the hormone. Similarly, Chui et al (19), identified
library proteins that interacted with the human FK506/rapamycin-binding pro-
tein, FKBP12, only in the presence of rapamycin, and Wang et al (102) demon-
strated a rapamycin-dependent two-hybrid interaction between FKBP12 and
the type | TGF§$ receptor.

Licitra & Liu (62) developed an augmented two-hybrid system and used it
to identify receptors for small organic ligands like FK506 (Figure 8). They
expressed LexA fused to the rat glucocorticoid receptor (GR) in yeast in the
presence of an organically synthesized hybrid molecule consisting of a ligand
for GR, dexamethasone, and a so-called bait ligand, in this case FK506. They
then screened a standard human activation domain fusion library to find proteins
that bind FK506, brought to the reporter through the interaction of dexametha-
sone with LexA-GR. Using this system, they were able to isolate FKBP12 from
a cDNA library, thus demonstrating that this approach could be used to identify
new receptors for ligands.

Systems that Allow Selection Against Interactions

The products of some reporter genes can be selected against (Figure 9). These
counter-selectable reporters are useful in allowing selection of mutations in one
or the other hybrid protein that abolish interaction. They may also be useful
in the task of identifying reagents that disrupt specific protein interactions, as
discussed later.

There are several reporters whose expression is deleterious to yeast growth.
Expression of yeadttRA3reporters (100, 108) kills yeast in the presence of
5-fluoroorotic acid (5-FOA); 5-FOA is converted by ttdRAS5 gene prod-
uct into 5-fluroorotidine monophosphate, which is converted byURA3
gene product to 5-fluorouridine monophosphate; this is eventually converted to
5-fluorodeoxyuridine monophosphate, which competitively inhibits thymidy-
late synthetase and blocks DNA synthesis. The yiedS2gene has also been
used as a two-hybrid reporter (RL Figl& R Brent, unpublished); selection
againstLY S2expression can be done in media containing alpha-aminoadipate,
which again is converted into a product that keeps the cell from growing. A
GALLlreporter has also been used for negative selection (107patil@yeast
grown on galactose, in whicBAL1is expressed, the compound galactose-1-
phosphate accumulates and kills the yeast.

Two-Bait Systems

Xu et al (manuscript submitted) described a dual-reporter containing cells in
which transcription of selectable and counter-selectable reporters is directed
by different baits (Figure 10). Such systems are useful to isolate proteins
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Figure 8 Selecting proteins that interact with small organic molecules. Licitra & Liu (62) showed
that a LexA-Glucocorticoid receptor chimera could interact with a synthetic Glucocorticoid-FK506
compound 1op), and that yeast that contained the LexA-GR fusion and were grown on medium
containing the steroid-FK506 chimera could select FKBP12 from a human interaction library by
reporter gene activatiotoétton).

that simultaneously contact the different baits (“bridge proteins”, see above),
and those that contact one bait but not the other (“discriminatory proteins”)
(564, 108). Because the different baits can be closely related, and in fact can be
allelic variants of the same protein, two-bait systems promise to facilitate the
isolation of naturally occurring proteins that preferentially interact with either

a wild-type or a disease-state variant of a protein, and of peptide aptamers that
interact with either the wild-type or with mutant allelic forms [for example, see
Reference (106)].
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Figure 9 Counterselectable reporters. Figure shows a LexA-operator-containing reporter. De-
pending on the identity of the reporter gene and the composition of the medium on which the cell
is grown, expression of the reporter keeps the cell from growing (LYS&-amino-adipate) or

even kills the cell (URA3 on 5-FOA, GAL1 igall0- cell, on galactose).

Mammalian Two-Hybrid Systems

The effectiveness of yeast two-hybrid systems has inspired development of
similar systems for detection of protein interactions in mammalian cells. Such
systems offer potential advantages, such as detection of interactions that depend
on posttranslational modifications that yeast may not provide. Moreover, they
might allow identification and monitoring of interactions that change in response
to cell stimulation.

Like the yeast systems, the mammalian systems rely on reconstitution of
active transcription factors, for example, from two different chimeric proteins
that, respectively, contain the yeast Gal4 DNA-binding domain and the VP16
activation domain. Interaction leads to activation of the gene encoding chlo-
ramphenicol acetyl transferase (CAT), whose activity is then measured in cell
extracts (23,26). To date, mammalian two-hybrid systems have been most
useful for examining interactions between known proteins [for example, see
Reference (92)]. However, the potential exists for developing working selec-
tions that would enable library screening in mammalian cells. For example,
two-hybrid reporters have been developed that would allow selection of cells
expressing them, including the CD4 cell surface marker, and a gene that confers
Hygromycin B resistance (26). Another system has been described that uses
the SV40 T antigen as the reporter and replication of a plasmid that requires
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Figure 10 A two-bait system (106, 108) that simultaneously registers two different protein inter-
actions. Figure shows a single cell with two reporters, Tetop-URA3, and LexAop-lacZ. In this cell,
a prey protein, Z-B42, interacts with one bait, TetR-X, but not the other, LexA-Y, with expected
effects on reporter transcription.

the large T antigen for replication (98) as a readout. Such systems are unlikely
to find widespread use until some experimenters are willing to invest in them
the work needed to make them rugged and easy to use.

One-Hybrid Methods

One-hybrid systems are methods for identifying DNA-binding proteins that
recognize a particular stretch of DNA (54, 61). The bait in this case is a DNA
sequence thatis placed upstream of a reporter gerlatikeLLibraries identical

to those used in the two-hybrid systems, with proteins expressed as fusions to
an activation domain, can be screened. Library-encoded proteins that bind the
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target DNA result in activation of the reporter. Li & Herskowitz used such a
system to identify yeast Orc6, a protein that recognizes a sequence found in a
yeast origin of replication (61).

Methods to Measure Protein-RNA Interactions

Other two-hybrid system spin-offs include so-called three-hybrid systems, for
detecting protein-RNA interactions (84). In one such system, one of the hy-
brids is LexA fused to a well-characterized sequence-specific RNA-binding
protein from bacteriophage MS2. The second hybrid is an RNA molecule that
contains both a test (bait) sequence and a sequence that forms a stem-loop
structure recognized by MS2; this chimeric RNA associates with LexA-MS2
molecules bound to sites upstream of a reporter gene. The third hybrid is a
protein fused to an activation domain, as in the two-hybrid assay; if this pro-
tein binds to the RNA bait, transcription of the reporter gene will be activated.
This method has been used successfully in test experiments with a number of
known RNA-protein interactions, including the iron regulatory protein binding
toiron response elements, the HIV transactivator Tat binding to Tat response el-
ements, and the stem-loop binding protein SLBP binding to sequences involved
in regulating histone pre-mRNA processing (84, 103). This three-hybrid sys-
tem thus has the potential to be used to identify new RNA-binding proteins
that recognize known target RNAs, and RNA sequences recognized by known
proteins (Figure 11).

Hybrid RNA
RNA binding
RNA binding domain 2
domain 1
DB  —
| ] reporter |

Figure 11 Selecting proteins that interact with RNAs. The first hybrid molecule contains a DNA-
binding domain (DB) fused to a well-characterized sequence-specific RNA-binding protein (RNA-
binding domain 1). The second hybrid molecule is an RNA containing a sequence that is recognized
by RNA-binding domain 1, and a test sequence. The third hybrid contains a transcription activation
domain (AD) fused to a test protein. If the test protein interacts with the test RNA sequence (and
hence contains RNA-binding domain 2) the reporter will be transcribed. Adapted from Reference
(84).
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INTERPRETATION OF TWO-HYBRID RESULTS

False Positives

Interactor hunts with current technology still result in proteins that satisfy all the
selection criteria, and thus definitely interact with the bait in the yeast nucleus,
but that for one reason or another are not highly valued by the investigators
who perform the hunt. These proteins are typically referred to as “false posi-
tives.” Analysis of two-hybrid experiments benefits from an ability to identify
these proteins, and from the realization that they typically fall into different
classes, some of which are informative about the biology of the problem under
investigation. Classes of false positives include:

1. Interactions that are informative but that could never occur in nature. These
include specific interactions between proteins that are normally not ex-
pressed in the same cell at the same time. Although not in themselves signif-
icant, such interactions can be informative in that they suggest the existence
of similar interactions between related molecules that are co-expressed, and
in that they can immediately suggest testable hypotheses about the function
of the interacting proteins.

2. Interactions that may well occur in nature but that are not informative. Here
we define “not informative” in a strict operational sense, to mean “cannot
be used to suggest definitive experiments at the time of the finding.” For
example, one class of frequently observed protein interactions are those
between baits and members of the ubiquitin-dependent proteolysis pathway
(388). Although it is possible that some of these interactions are relevant
to an understanding of how the protein is usually degraded, and thus to an
understanding of the function of the bait, there is often too little that can
be done experimentally to follow up the proteolysis idea to make it easy to
explore, and for that reason, one cannot determine experimentally if it is
relevant.

3. Interactions that presumably do not occur in nature. We and others initially
imagined that such interactions might be fairly frequent. For example, we
imagined that unrelated proteins might associate using common motifs, such
as amphipathic alpha helices, even though the proteins are never present
in the same component of the same cell at the same time. Instead, for
whatever reasons, with the exception of a relatively small number of “sticky”
or “promiscuous” proteins, actual interactions that are clearly false seem to
be fairly infrequent. Perhaps the best evidence on this has been collected
by Golemis & Serebriiskii in an ongoing survey (38). Analysis of results
from almost 100 hunts has revealed that the majority of them resulted in
proteins that made sense to the investigators. Among the proteins that did
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not make sense to the investigators were many that were isolated in multiple
hunts using different baits. These frequently isolated false positives, which
included heat shock proteins, ribosomal proteins, and proteosome subunits,
may be generally sticky proteins or may activate the reporters in some other
way, for example by enhancing the activation ability of a particular bait by
making it a more stable protein.

False Negatives

As biologists move from the desire to detect any proteins that interact with
their proteins of interest to the desire to survey and catalog all of the protein
interactions in pathways and genomes, the problem of false-negative protein
interactions has become more important. For a biologist, an undetected inter-
action might represent a path into the biology of a system that cannot be taken.
For a researcher in a pharmaceutical company, an undetected interaction might
represent a missed target for small molecule drug discovery.

It is worth noting that many imaginable causes of false negatives have also
not proven to be great problems in practice. These imagined causes include the
idea that the fragments of proteins encoded by these chimeras might misfold
into non-native structures; here, unexpectedly, experience has shown that many
proteins are far more modular in structure than would have been predicted in
1980. Other woarries have included the fact that two biological processes that
affect secreted proteins do not occur in the yeast nucleus: secretory glycosy-
lation, and disulfide bond formation. Here, experience, mostly in industrial
settings, and thus slow to appear in the literature, has been good: Although
most secreted proteins are glycosylated, in most cases this glycosylation is not
necessary for their folding and apparently contributes little to the free energy of
their interactions. Correspondingly, although formation of incorrect disulfide
linkages can cause a protein to misfold, many disulfide linked proteins function
well as baits, suggesting that they are folding correctly and that the disulifdes
contribute rather to their stability in extracellular environments (M Stahl, per-
sonal communication). Failure of the DNA binding and transcription activation
moieties to work as predicted is quite rare: Experience has shown that most
LexA fusion proteins bind LexA operators in the yeast nucleus (39, 86) and
that, in the one case where a moiety on the protein blocked nuclear entry, ad-
dition of a nuclear localization sequence to the bait was sufficient to overcome
the problem (9). Finally, except in the rare cases where either the bait or prey
contains a powerful repression domain (A Reymond, R Brent, unpublished),
we know of no cases where the activation domain has failed to activate once
moved close to the promoter.

Experience has, however, defined a large number of ways that protein inter-
actions can fail to be detected in two-hybrid systems. First, current systems
are unable to detect protein interactions with equilibrium dissociation constants
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weaker than 10-5@M. Many important protein interactions, including, but
not limited to, many important enzyme substrate interactions in signaling path-
ways, many interactions that typically take place in the plane of a membrane,
and many cooperative interactions between DNA bound transcription regula-
tory proteins, are below this threshold. Second, weak interactions result in
lower plating efficiencies, leading to their under-detection in standard interac-
tor hunts (25). Third, the use of cDNA libraries brings representation problems,
from loss of rare messages to depletion of the amino termini of large proteins,
simply from the ways such libraries are often constructed. Fourth, the toxicity
caused by activation domains and DNA bound activation domains [squelching,
(34)] may lead to underrepresentation of certain protein interactions in systems
that use strong activation domains (41). Fifth, the fact that both interacting
partners have bulky multidomain moieties fused to their amino termini means
that these moieties may block interactions that depend on the amino termini of
the partners. Sixth, the requirement that the interacting proteins be properly
folded in aqueous environment of the yeast nucleus means that potential inter-
acting proteins that normally span a membrane multiple times are unlikely to
fold correctly.

Despite the need to diminish the number of false-negative interactions, there
are limits to how much of a decrease will be possible by improvement of ex-
isting systems. While we can predict that improvements in reporter genes will
result in detection with increased sensitivity (perhaps to detection of interac-
tions with Kgs up to 100uM), such increases in sensitivity will increase the
number of false-positive interactions. Similarly, in the context of genome-wide
surveys (see below), it is unlikely that systematic surveys will be done to cover
all the posttranslational modifications not found in yeast (although it is possible
to imagine that systematic interaction surveys might be done with numerous
tyrosines in the yeast artificially phosphorylated). Given the constraints im-
posed by the fact that these assays use yeast as a test tube, a test tube that must
survive for the assay to be scored, itis likely that the best approach to capturing
interactions missed by two-hybrid experiments will be to supplement them with
interaction data from physical methods.

Doctrine for Interpreting Positive and Negative Results

The doctrine for interpretation of positive results is relatively highly developed.
Common practice prescribes that the proposed interaction should also be ob-
served by a different technique, such as co-immunoprecipitation of the putative
interactors from the appropriate cell or tissue type. These co-precipitation ex-
periments are in vitro experiments: They require breaking cell membranes, and
the interactions observed in them occur at different salt concentrations, typically
in the presence of detergents, and are thus subject to artifacts. However, at least
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these artifacts are likely to be different than those encountered in two-hybrid
approaches.

An alternative, easier, and global approach to the identification of potential
false positives is to determine whether the interacting proteins are ever ex-
pressed in the same cell at the same time. The increasing public availability of
expression information, from exhaustive sequencing of libraries from different
cells and tissues, and from large-scale protein localization studies [for exam-
ple, see References (80, 82, 83, 99, 104)], has increased the likelihoodd that this
information may be available without doing any further experiments.

Confirmation of the validity of an interaction can also come from two-hybrid
experiments themselves. Probably the strongest such criterion is suppression
of an interaction defect. For example, Hardy et al (43) found a yeast protein,
Rif1, that interacted strongly with the wild-type but not a missense mutant of
Rapl, a transcription factor involved in replication and silencing of telomere
transcription. These workers then selected a Rif1 mutation that restored inter-
action with the mutant Rap1 bait. This Rifl mutation also suppressed the effect
of the yeast Rap1 mutation in vivo.

Confirmation of the validity of a given interaction can also come from demon-
strating that the interaction is specific and makes biological sense. This is the
most important criterion (in use today) for determining the validity of inter-
actions. One simple confidence building technique comes from two-hybrid
experiments themselves. Even before the functional genomic implications of
two-hybrid experiments were widely appreciated, it was apparent that specific
interaction of a protein with a given bait, but not with members of a panel of
related and unrelated baits, lends credence to the idea that the interaction is real
(41,44,101, 111). This confirmatory technique will become more widely used
as two-hybrid information becomes more widely available.

Finally, a sometimes-used, but frequently unreliable criterion for validity of
an interaction is affinity. Interaction affinity, normally quantified as the equi-
librium dissociation constant d¢,, can be crudely estimated from interaction
phenotypes when attention is paid to the stoichiometry of the interacting com-
ponents (41). Recently, Golemis and coworkers showed that it can be better
estimated by the use of ordered sets of reporter genes of various sensitivities
(25). However, most biologists now realize that many important and specific
interactions, from enzyme-substrate interactions to cooperative interactions be-
tween gene regulatory proteins, are weak, and that the correlation between the
strength of an interaction and its significance is thus imperfect at best.

The reader will have noticed that none of the methods we have listed for
determining the significance of a particular interaction is automatic. They
are methods that produce results that must be evaluated by the investigator,
using arbitrary objective criteria (e.g. a known sequence vs an unknown se-
guence), using arbitrary subjective criteria (e.g. a tyrosine kinase vs tyrosine
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phosphatase), or using criteria evolved from the investigator's knowledge of
the particular biological system.

By contrast, the criteria to show that a negative is a true negative are not
established at all. The need for such criteria will become more acute in the
future, as we generate comprehensive maps of protein connections (4, 30) and
desire to extract maximum information from them.

THE HYPOTHESIS GENERATING ENGINE

Use to Infer Gene and Allele Function

During the 1970s, a number of prophetic geneticists described the use of genetic
suppression as a window into biology [for example, see Reference (45)]. Given
a mutation in a gene, one could isolate unlinked mutations that suppressed the
effect of the first mutation. These mutations mightlie in proteins that functioned

in the same pathway as the first gene. For example, gain-of-function mutations
that suppressed recessive mutations might function downstream in the same
pathway, while recessive mutations that suppressed other recessive mutations
might define genes whose products touched one another. In both cases, iden-
tification of second-site suppressors identified genes that were conceptually
linked.

In the early 1990s, a clear analogy between two-hybrid experiments and
suppressor genetics emerged. Interactor hunts identified proteins that interacted
with abait. These preys could be made into baits, and used inturn to identify new
interactors. Here, the linkage was physical rather than conceptual: Although
the fact that proteins touch one another does not mean they function in the
same process (see above definition of false positives), proteins that touch one
another frequently do. The ability of two-hybrid experiments to provide analogs
to the relatively sophisticated suppressor genetic technologies opened genetic
networks in human and other genetically intractable organisms to pathway
analysis.

Interactor analysis has similarities and differences to the suppressor analy-
sis that inspired it (Figure 12). Like suppressor analysis, interactor analysis
can identify members of genetic pathways. Like suppressor analysis, the po-
sitions and identities of nodes in those pathways would sometimes give clues
to the function of pathway members and the pathway as a whole. However,
unlike suppressor analysis, interactor analysis cannot reveal causal linkages,
only strong physical ones, so proteins that act through third proteins or small
molecule intermediates, or that interact with one another more loosely than
the detection threshold, are not revealed. Unlike reciprocal temperature-shift
experiments on partners identified by suppressor analysis, two-hybrid experi-
ments cannot reveal the order with which components act (Figure 12). These
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Figure 12 Comparison of genetic pathways and interaction pathwa&gp.panel adapted from

(11), shows a genetic network that governs X-chromosome dosage compensation in the nematode,
largely the work of B Meyer and coworkers, and largely drawn from classical genetic methods
such as epistasis analysis (e.g. 2). Arrows indicate the direction and sense in which gene products
act on one another; arrows with heads indicate positive action, and arrows with flat heads indicate
negative actionBottom paneshows a portion of network of interactions among yeast RNA splicing
proteins, the work of Fromont-Racine et al (32), which describes one of the most extensive two-
hybrid mapping efforts to date. Arrows here indicate protein-protein interaction. Arrows have two
heads; that is, two-hybrid data by themselves do not allow inferences about causality.

shortcomings are, however, offset by powerful advantages: Two-hybrid exper-
iments can be done systematically, in large-scale, and with the gene products
of organisms that wholly lack manipulative genetics.

Interaction Mating

Large-scale two-hybrid experiments rely on a fortunate property of yeast: Hap-
loid yeast exist in two mating types that mate with one another and form diploids
if they are physically juxtaposed. The fact that yeast mate affords a very sim-
ple way to introduce plasmids encoding potentially interacting proteins into
the same nucleus: Simply, mate haploid strains of opposite mating types that
contain the potential interactors and determine the transcription phenotypes of
the reporters in the resulting diploid. This method has been used to simplify
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conventional library screens (5; RL Finley Jr, unpublished). It has also been
used to vastly increase the number of individual protein-protein interactions that
can be assayed. The increase in assayable interactions afforded by interaction
mating experiments makes possible the systematic mapping of interactions in
pathways and whole genomes.

Two ways of performing interaction mating experiments have emerged
(Figure 13). One (the arrayed library approach) is to mate arrayed cells that
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contain known potentially interacting bait proteins against arrayed cells that
contain potentially interacting preys. The other (“all against all’) is to mate
libraries of cells that contain different baits with libraries of cells that contain
preys, select cells in which an interaction is occurring, rescue the DNA en-
coding the interacting proteins, and determine their identity. We discuss these
methods in turn.

Interaction mating with arrayed libraries is extremely simple. There are two
variants of it (Figure 13). In one, stripes of bait strains are crossed with stripes
of prey strains on rich plates. Patches of diploid cells form at the intersection of
these stripes. Diploids are selected by replica plating on appropriate selective
media and are then scored for interaction phenotypes (28). In another, a single
bait or prey strain is mated, using a replica velvet or multiprong device, to
gridded patches of strains of opposite mating type that contain potential partners.
Diploids are again selected by plating on appropriate selective media and scored
for interaction phenotypes. The entire procedure can be easily automated to
facilitate very large-scale mapping of interactions (30).

Interaction mating of libraries against libraries is simpler still. In it, pools of
haploid bait cells are mated against pools of haploid prey cells, and cells in which
interaction occurs are selected by plating on medium that selects for reporter
transcription (Figure 13). In one example of this, Bartel, Fields, and colleagues
made libraries of such cells from the bacteriophage T7 genome (4). Because
some baits activated transcription, they typically mated small pools of about ten
baits against pools that contained the entire prey library. Theyrecovered baitand
prey plasmids from diploids in which the reporters were activated and sequenced
them to determine interacting pairs. This catalog revealed many known and
many unknown but informative interactions between T7 proteins. Amore recent

Figure 13 Interaction mating methods. All begin with preys and baits in strains of opposite ma-
ting types.a. An early array method (28). In it, baits are streaked horizontally, preys are streaked
vertically, diploids form in the patches and are selected, and then transferred to plates where the
interaction phenotypes are scoréd A more advanced array method (30). In it, 96 strains that
contain different baits or different preys are replica mated to 96 patches of cells from the same
bait or prey strain. The resulting cells are then plated directly onto selection plates that allow
transcription of the reporter genes to be scoed “mate-and-sequence” method (4). In it, two
pools of cells are transformed with libraries of bait and prey plasmids. The pool of bait plasmids is
in turn divided into many smaller aliquots; since many baits activate transcription on their own, this
division insures that there will be many individual pools in which the reporters are not adventitiously
activated by an activating bait. Each aliquot of the bait pool is mated with the prey pool, and the
resulting diploids plated on medium that selects for reporter activation. Bait and prey plasmids
from cells that contain interacting plasmids are rescued and sequenced to determine the identity of
the interacting proteins. Recently, Fromont-Racine et al (32) have described a higher-throughput
variant of this technique in which mating takes place on filters.
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study by Fromont-Racine et al (32) generated a similar catalog of interactions
between yeast proteins involved in yeast mMRNA splicing, which revealed a
similar haul of known and previously unknown but suggestive interactions (11).
Inthe future, use of counter-selectable reporter genes may allow depletion of the
bait libraries of proteins that activate transcription, and thus potentially obviate
the need for the sub-pooling strategy.

Future interaction mating schemes will likely combine arrayed and mate-
and-sequence approaches. Currently, it is becoming easier to grid and array
libraries and cells transformed with library plasmids, and it is likely that most
collections of potentially interacting proteins either will be custom made or
will be isolated from libraries and then arrayed. Once libraries are arrayed,
whether the matings are done with individual library members against panels,
with small numbers of library members against panels, or with the entirety of
one library against another will be determined by the person who writes the
program for the individual mating experiment, and the actual work will be done
by laboratory robots.

Information from interaction mating experiments is a fertile source of testable
ideas about gene function. In one example, Reymond and colleagues (69)
used interaction mating to guide initial experiments to find function for the
Rox/Mnt protein, a putative breast cancer tumor suppressor. Rox is a basic
helix loop helix/leucine zipper protein (bHLH/Zip), and in these experiments
Reymond mated Rox against a panel of other bHLH and leucine zipper proteins
that positively and negatively regulate cell proliferation. These experiments
showed that Rox interacted with itself and with Max, a protein that forms
heterodimers with Myc to cause cancer. These results suggested a model for
Rox function, in which Rox inhibits cancer by sequestering Max. Subsequent
experiments in cultured cells have lent support to this model (69; A Reymond,
R Brent, unpublished). Here, data from interaction mating supplied a working
hypothesis, which the investigators were able to test quickly by conventional
methods. The point is not that these data substituted for conventional work to
test the ideas, but that they suggested which experiments to do.

Similarly, interaction mating can provide testable guesses about the function
of allelic variants of normal proteins. For example, in another study, Reymond
& Brent (78) used interaction mating, followed by analysis in vitro, to study
protein interactions of allelic variants of the p16 tumor suppressor protein.
p16 normally binds to cyclin-dependent kinase 4 (Cdk4) and cyclin-dependent
kinase 6 (Cdk6), and suppresses their activity. Mutations in its coding sequence
are found in families that are predisposed to melanomas and adenocarcinomas
(93). Reymond & Brent showed that allelic variants of the p16 tumor suppressor
found in cancer-prone pedigrees were deficient in their ability to interact with
their targets, Cdk4 and Cdk6. That much was expected. Two results of the
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work were not expected, however. One was the finding that one p16 variant,
pl16-G101W, interacted normally with Cdke6. In this case, the two-hybrid data
clearly showed that the deleterious effect of this allele in the population is
not due to a defective interaction with Cdk6, but more likely to a defective
interaction with Cdk4. These data thus suggest that further investigation of
the interaction of this allelic variant with Cdk4 may eventually impact public
health, but that its interaction with Cdk6 need be considered no further.

The second unexpected result was that another p16 allele, p16-149T, was also
deficient in interaction with Cdk4. This variant is present in some cancer-prone
pedigrees, but is also present in individuals not known to be associated with
such pedigrees. The finding that p16-149T is defective in interaction with Cdk4
and Cdk6 suggests that this allele may also predispose its carriers to increased
risk for tumors. Here the test of the hypothesis that p16-149T is associated with
predisposition to cancer will need to be epidemiological, rather than molecular-
biological, and will thus be more difficult.

In the above examples, observation of interactions between proteins whose
biochemical function was at least somewhat defined allowed formulation of
testable hypotheses. However, there are also cases in which knowledge of the
function of the interacting proteins is not needed to make functional inferences.
For example, we showed that individual binary protein-protein interactions
could suggest the existence of ternary protein complexes (28). More complex
patterns of binary interactions exist, and, particularly when conjoined with
crude affinity data, are likely to allow the generation of important functional
inferences. For example, in Figuredl4he proteins may form a five-protein
complex, and in 14, protein Z may be a regulated protein kinase.

Whatever information can be gained from analysis of the patterns of protein
interactions, integration of interaction data with other biological data clearly
adds value to the quality and precision of the inferences that an investigator
can formulate. In particular, addition of data about the time and place during
development in which interacting proteins are expressed can quickly suggest
whether a given interaction is likely to be significant to the process under
study. Because interaction information will be stored in databases, as much of
the other types of information that can be used with it to generate functional
inferences (e.g. sequence, time, and place of expression) is already, the effort
to systematize the use of this information to make testable hypotheses is likely
to be more than an interesting epistemological problem. Rather, the need to
systematize generation of inferences from such data is likely to present students
of data integration with an important early test case.

In those cases where the function of proteins and allelic variants depends on
their interactions with other proteins, two-hybrid experiments can cast light on
their function. Since so many proteins exert their effects by interacting with
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Figure 14 Functional inferences from complex patterns of binary protein interactions. topghe
panel only the A-B, A-C, B-D, D-E, E-C, and B-E iterations are sufficiently strong to be detected
individually, but the data taken together clearly support the idea that all five proteins may form a
complex. In thebottom panelprotein Z interacts tightly with the proteins above it and weakly
with the proteins below it (indicated by dashed lines). This is the pattern of interaction expected
from an enzyme that interacts tightly with proteins that regulate its activity, and weakly with its
substrates, and might be expected if Z were, for example, a regulated protein kinase. In this case,
D, E, F, and G may be identifiable as candidate substrates from interaction data alone.

other proteins, these methods are in principle able to provide useful information
about a significant fraction of the genes of the genome. Given the significant
polymorphism in human and other species, the existence of a relatively sim-
ple assay that can suggest functional differences between alleles suggests that
interaction mating methods will augment current human genetic techniques in
identifying disease-state genes (Figure 15). These will be particularly useful
in identifying constellations of alleles that contribute to polygenic traits.

Testing Functional Inferences from Interaction Data

In the near term, it is easy to imagine that conventional two-hybrid technology
will cease to be widely used to perform interactor hunts, as the need for such
hunts diminishes due to the availability of genome-wide two-hybrid information
from systematic application of interaction mating experiments. At that point,
information needed to make functional inferences about proteins, and access
to the plasmids encoding them, will be available to researchers at the cost of
a few keystrokes. It is possible that even when such information is available,
two-hybrid methods may still aid the assignment of function, by having enabled
the selection of classes of molecules to aid function determination.
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Figure 15 Identification of candidate proteins involved in disease states.tdmeanelshows
proteins that interact with the wild-type allelic form of a protein involved in a diseasebdtiem
panelshows that some of these interactors interact differently with a disease-state allelic variant.
These may be proteins that participate in the same biochemical function altered in the disease-state
allelic form.

The idea that breaking interactions can be biologically informative is a natural
corollary of the idea that detecting interactions can be informative. Viewed in
the context of existing doctrine for systems with developed genetics (phage,
bacteria, yeast, worms, flies), this idea is hardly new, since interruption of a
specific protein interaction is an expected consequence of many missense loss-
of-function mutations. However, for systems without well-developed genetics,
any means to interrupt specific interactions, and thus to compensate for the
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difficulty in isolating or manufacturing informative sets of missense mutations,
would be useful. Moreover, if such means also allowed the investigator to bring
about complete loss of gene function, they might constitute a supplemental
means of genetic analysis, even in systems that now allow generation of gene
knockouts.

Further, there are precedents for the idea of using artificial agents to break
interactions to achieve heuristic or therapeutic effects. For example, injection of
anti-Ras antibodies into cells transformed with mutant EGF receptors (EGFR)
provided evidence that Ras lay downstream of them in a signaling cascade
(71), and injection of peptides that mimic the phosphorylation site of EGFR
and block the ability of that portion of EGFR to interact with Grb2 helped lay the
groundwork for detection of this interaction (79). Perhaps more significantly,
there are numerous examples of small organic molecules that interrupt protein
interactions and cause significant biological effects. For example, interruption
of beta-tubulin dimerization with benomyl is cytostatic for yeast (72), and
interruption of the interaction of HIV-1 protease with its substrate blocks viral
replication (67).

The above arguments and results suggested that molecules that break specific
protein interactions might be useful genetic reagents in higher systems. One
possible route to this goal, the intracellular synthesis of antibody derivatives
againsttarget molecules, has on occasion produced loss of function of the target,
although loss of function in each case might be due to the complete inactivation
and sequestration of the target, rather than abrogation of individual interactions
(16).

GENERATION OF REAGENTS TO TEST FUNCTIONAL INFERENCESThe advent of
combinatorial technologies and ideologies has opened a way to rapid generation
of smaller molecules that might break specific interactions. The idea here
is that it might be possible, from libraries of nucleic acids or peptides, to
select individual molecules that recognize one or the other surface of a target
molecule, and block protein-protein interactions involving that surface. In
recent experiments of this type, Ellington and coworkers selected aptameric
RNAs that interact with the Rev protein of HIV-1, and demonstrated that some
of these molecules interfere with the interactions between Rev-1 and Rip, a
protein necessary for Rev function (40, 94). As expected, intracellular synthesis
of these RNAs results in loss of the ability to propagate HIV, presumably due
to loss of the Rev-1/Rip interaction.

Work from two groups has demonstrated that two-hybrid methods can be
used to isolate peptides that bind specific proteins, and in one case such pep-
tides have been shown to break interactions. Yang et al (109) made a library that
expressed random 16-amino acid peptides fused to the Gal4 activation region
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and screened it for peptides that interacted with a human retinoblastoma gene
product, pRb, bait. They isolated 7 pRb interacting peptides out of 30°

yeast transformed with the library, presumably representing 80P different
peptides. Surprisingly, all 7 pRb interacting peptides contained a Leu-X-Cys-
X-Glu sequence that is also conserved in natural pRb binding proteins like
SV40 Large T, adenovirus E1A, human papilloma virus E7, and cyclin D (50).
Evanescent wave binding experiments with a surface plasmon resonance in-
strument revealed that the proteins bound unexpectedly tightly Kygtlon the

order of 10uM under the conditions used. These experiments demonstrated
that, along with phage display and other combinatorial peptide methods (87),
two-hybrid methods can be used to select unconstrained peptides that define
consensus binding sequences found in nature.

Somewhat different experiments were performed by Colas et al (21). Here,
these workers started from a different perspective: that antibodies could rec-
ognize most combinations of shape, charge, and hydrophobicity, and that they
did so by displaying conformationally constrained peptide loops of variable se-
guence. They wished to isolate synthetic peptide agents that could bind to most
faces of cellular proteins and specifically disrupt particular cellular protein-
protein interactions. To this end, these workers used two-hybrid methods to
isolate, from a library of conformationally constrained 20-mers displayed by
E. colithioredoxin, variable region sequences that recognized cyclin-dependent
kinases. The workers referred to these thioredoxin-variable region chimeras
as peptide aptamers. Some aptamers cross-reacted with cyclin-dependent ki-
nases of related sequence, indicating that these proteins recognized conserved
antigenic regions (epitopes) on the related proteins; moreover, aptamers that
did cross-react interacted with different subsets of kinases, indicating that the
epitopes recognized by these cross-reacting aptamers were distinct (85). As
measured by evanescent wave experiments, binding was strongKgitin
the nanomolar range. These results showed that peptide aptamers could be
constructed that were somewhat like antibodies, in that members of collections
of them would recognize many different protein surfaces. In fact, it has proven
possible to isolate peptide aptamers against all protein targets tested (HP Xu
et al, unpublished; B Cohen et al, unpublished; M Kolonin & RL Finley Jr,
unpublished). However, unlike antibodies, peptide aptamers are designed to
work inside cells, providing reagents to probe protein function in vivo.

Some of the peptide aptamers isolated by Colas et al disrupted interactions
with other proteins. Six peptide aptamers inhibited Cdk2 activity, blocking
its ability to phosphorylate a model substrate, histone H1 (85). Inhibition
was competitive, and was, in some cases, specific to the histone H1 substrate.
This fact indicates that the aptamers inhibit by binding to the kinase in or
near its active site, and blocking its interaction with the substrate. Moreover, it
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demonstrates that some of the aptamers were selective in the protein interactions
they blocked. Although not tested, other Cdk2 aptamers would be expected to
inhibit interactions with other Cdk2 partner proteins.

As many workers have noted, the fact that two-hybrid selections themselves
provide a genetic handle on individual interactions opens in principle the idea
that small peptides could be directly selected from combinatorial libraries to
break an individual interaction, turn off transcription of a counter-selectable
reporter, and allow a yeast that bears them to form a colony on a selective
medium (21, 68, 85, 100) (Figure 46 As of this writing, the promise of this
approach has not been realized, and counter-selectable reporters have not been
used to directly identify aptamers that block particular protein interactions.
Rather (Figure 1), aptamers were first selected to bind a target, and then
screened for their ability to block protein-protein interactions. This approach
works well (P Colas, unpublished; HP Xu unpublished), and thus might seem to
obviate the need for counter-selectable reporters. However, such reporters may
be usefulin another context; they may smooth the path to one-step identification
of aptamers that interact specifically with one allelic form of a protein but not
with another, rather than requiring the investigator to use the current two-step
methods.

A number of pharmaceutical and biotechnology companies are employing
two-hybrid methods to search for small molecules that interrupt particular pro-
tein interactions. Adoption of these techniques to screen for drugs required
belief in the tractability of two problems. One is the fact that yeast is imper-
meable to most organic molecules, thus requiring researchers either to resign
themselves to failing to detect otherwise active molecules or to resort to perme-
ability enhancing agents, such as Polymyxin B nonapeptide (6) or yeast host
mutations, such as tmp (10). The other is more significant: Experience in the
pharmaceutical industry has suggested that most useful inhibitory molecules
bind to the active sites of enzymes. This fact suggests that these screens would
be most likely to work on protein-enzyme interactions that are weak enough to
be disrupted by molecules with 10 nM+IM dissociation constants, but tight
enough to be above the detection threshold of the reporters used. Within this
narrow range, it is expected that inhibitors might be detected by two-hybrid
methods, but, given the paucity of published data on the subject, it is difficult to
make a fair comparison of the advantages of yeast-based two-hybrid methods
compared with mammalian two-hybrid methods, in vitro two-hybrid transcrip-
tion methods, and other in vitro screens such as fluorescent proximity assays
and evanescent wave (surface plasmon resonance) techniques.

In the future, it is possible that advances in peptidomimetic chemistry will
allow an alternative to screening for small molecules that break protein interac-
tions. Inthis approach, quick determination of the structures of peptide aptamer
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Figure 16 Isolation of aptamers or other peptides that disrupt protein-protein interactio8sll-
hypothetical one-step isolation of peptides or aptamers that disrupt a protein-protein interaction.
Here, a counterselectalliRA3reporter allows direct selection of an aptamer that allows the cell to
grow on 5-FOA;b. two-step isolation of disruptive aptamers. In this technique, peptide aptamers
that bind a target are identified from an activation tagged library. The aptamers are then expressed
conditionally on galactose medium, without activation domains, in a cell that contains a bait that
interacts with an activation-tagged protein of interest. Some of the aptamers that bind the bait
diminish the protein-protein interaction (P Colas, unpublished; HP Xu, unpublisheSklection

and screen method to isolate rare discriminatory aptamers that interact with one allelic variant of
a protein, but not another (HPU& R Brent, unpublished). In these two-bait cells, cells grow on
ura-medium due to interaction of the activation tagged effector with allelic variant 1, but are white
on Xgal due to the fact that this aptamer does not interact with allelic variant 2. WRABas a
counterselectable marker with a selectable marker other#iet@might enable selection of such
discriminatory aptamers in one step.
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variable regions bound to their targets may provide sufficient information to al-
low synthesis of non-peptide interaction disrupting molecules.

USE OF REAGENTS TO TEST FUNCTIONAL INFERENCESAS mentioned above,
these aptamer-based approaches were not created to provide a way into the
discovery of new drugs, but to provide a means of testing inferences about gene
and allele function. At the time of writing, there have been no such published
tests that use targeted disruption of interactions by aptamers to find new facts
about gene function; rather, all relevant experiments are pilot experiments. For
example, as mentioned above, Ellington and coworkers (40) isolated anti-Rev
RNA aptamers, which they then expressed in cultured cells to inhibit HIV-1
gene expression. In another test of this doctrine, Kolonin et al (M Kolonin &
RL Finley Jr, unpublished) have recently expressdarosophila melanogaster
peptide aptamers that react with Drosophila Cdc2 and disruptits interaction with
its substrate. Cdc2 is necessary for cell divisions of the developing Drosophila
eye, and expression of the aptamers, but not control peptides, resulted in im-
properly developed rough eyes. These results provide confirmation that ectopic
expression of aptamers can disrupt protein interactions in a transgenic organ-
ism, and that the resulting phenotypes can directly demonstrate the function of
the disrupted interaction.

Aptamers may also be able to perform functions beyond the interruption of
protein interactions. For example, Colas et al have used aptamers as targeting
domains to bring ubiquitin conjugating domains to an intracellular protein tar-
get (P Colas, R Brent, unpublished). This targeted ubiquitination could be used
to inactivate specific proteins. Similarly, it may be possible to select peptide ap-
tamers, or to construct bivalent aptamers, that bridge two proteins and increase
their likelihood of interaction, and even to select peptide aptamers that heal
the deleterious effects of hypomorphic mutations such as ts alleles. Because
such reagents should allow more sophisticated perturbations of genetic net-
works than disruption of connections, they will broaden the number and kind
of experiments that test functional inferences from the maps of connections
generated by two-hybrid data.

Expected Future Developments in Functional Genomics

Application of interaction mating methods to the function of the wild-type and
allelic variant genes of entire genomes will undoubtedly require mechaniza-
tion. For this to occur, a number of issues may need to be resolved. First, it is
not yet clear whether ordered mating approaches, “all-against-all” mate-and-
sequence approaches, or mixed approaches will prove the most effective for
large-scale data collection. Second, while it is apparent that any ordered or par-
tially ordered mating approach will require large numbers of individual yeast
matings, it is not yet clear whether these will be performed on plates, in wells
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of microtiter dishes, in capillary tubes, or even in microdroplets. Third, given
the limits to the protein interactions that can be detected by conventional two-
hybrid methods, it is not clear how much supplemental data will be gathered by
other genetic methods, and how much will eventually be gathered by scaled-up
direct physical methods.

The nature of the computational work that will make use of the connection
data is also unclear. As described above, we can anticipate some progress in
automated detection of patterns of connections to identify potentially interesting
proteins, and we can anticipate the development of sophisticated programs that
take into account the degree of certainty of an interacting protein’s function
in making their predictions for the function of test proteins. Whether other
possible lines of inquiry, from improved use of data visualization to correlate
connection information with other kinds of genomic data, or algorithms to spot
co-variation in connection patterns caused by co-variation in the states of more
than one allele, will prove fruitful, remains to be seen.

CONCLUSION: A NEW CONTINENT
OF GENETIC INFORMATION

The next decade will provide increasingly ramified maps of protein connections,
perhaps eventually comprising a single map of all possible protein interactions.
Such a map will depict a new continent of genetic information. Like the infor-
mation derived from sequences of genomes, and from inventories of transcripts
present in particular cell types, this information will clearly be useful. How-
ever, it is not yet clear how this continent will be explored, and how this map
will be integrated with other sorts of information by working scientists.

Moreover, we can already recognize that neither inventories of cellular
molecules, nor descriptions of their connections, give us anything other than a
static picture of the relationship of cellular components. It will be necessary
for us to determine relationships among cellular components, but our determi-
nation to catalog this cellular anatomy should not blind us to the need for the
next step, which is an understanding of how the components work together,
a cellular physiology. At the moment, intellectual and technical frameworks
that would allow us to proceed from anatomical to physiological biology are
utterly lacking, and the quest to create them will likely occupy the attention of
biologists for decades to come.
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