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ABSTRACT

Genome projeds are appoacdiing completion and ae saurating sequece daabases.This paper
discusseghe role of the two-hybrid system as a geerator of hypotheses.Apat from this rather
exhaustive, financially and labour intensive procedure, more refined functional studies can be
undertaken. Indeed,by making hybrids of two-hybrid systems, cusomised appoadies ca be developed
in order to attadk spedfic function-related poblems. For example, one could se¢-up a“differential”

saeen by combining aforward and areverse appoad in athreehybrid sé-up. Another very intereging

projectis the useof pegide librariesin two-hybrid appoades. This could enable the identificaion of

pedides with very high spedficity comparable to “red” antibodies. With the technology available, the

only limitation is imegination.

INTRODUCTION

Protein-protein interactions

Protein-protein interadions are intrinsic to virtudly every cdlular pocess ranging from DNA
redicaion, transaiption, sgicing and trandation, to secetion, cdl cycle control, intermedary
metabolism, formation of cdlular maaostructures and enzymatic complexes. The formation of large
cdlular structures sud as the ojtoskdeton, the nudear scéiold, and the mitotic spndle resut from
complex interadions between proteins. Rdatively smaller gructures sub asnudear res, catrosomes
and kinetochores ae begnning to be dharaderized ad, in ead case, potein-protein interadions seem
to play a crudal role.

Apat from the evident structural requrements provided by a gethora of protein-protein interadions,
there ae alarge number of transient protein-protein interadions that control and reguate a large
number of cdlular pocesses.All modificaions of proteins involve sud transient protein-protein
interadions. Indeed knases, posphatases, tycosyl transferases, ag transferases ad proteasesnteract
only transiently, i.e. for a limited period of time, with their protein substrates. Such protein-modifyi ng
enzymes encompass alarge number of fundamental processes sicas cé growth, the cdl cycle,
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metabolic pahways axd dgna transdudion. Suprisingly, very large potein complexes aso medate

many of these ezymatic adivities. Transmisson of reguatory sgnals from the external environment to

relevant locaionsin the cdl was originally thought to consist of successve catalytic adivities that could

amplify a weak gnal into a sgnificant cdlular respnse. Hbwever, more recat experments suggest
that in many signal transdudion pathways, the cdalytic adivitiesinvolved, sub as potein kinasesmay
bind grongly to their protein substrates.In addtion, structural proteins requred for signal transmisson

have been suggeted to act as sd#olds, bridging severd proteins involved at consective stepsin a

signal transdudion pahway (1). Thus, signal transdudion pahways might be mnsidered aslarge
protein structures through which a signa is being transmitted. A striking example is the formation of the

Deah-Indudng Signaling Complex (DISC) at the Fas recepor. Only a few seonds dter recepor

triggering, ahighly complex mixture of signal transducing noleaules is reauited to the intracdlular part

of the recepor. This newly formed omplex is capéle of transmitting multiple spedfic signals

provoking a highly regulated cdlular response (2).

Alteration of protein-protein interadions is known to oontribute to many diseases.Hence, the
manipulation of protein-protein interadions that contribute to dseasas a potentia therapeuic strategy.
Sunmarising, protein-protein interadions make up biologicd madines that ae like intricae three-
dimensional jigsaw puzzes, forming arrays of interlocking protein components that assmble and
disassmble over time and in response to complex signals.

Todsfor the study of protein-protein interactions

The study of protein-protein interadions can be oncepudly divided into three major domains:
identification, charaderization and manipulation. In general, assenbliesof proteins have been analyzed
usng two complementary appoadies: the biochemicd and the genetic. In the well-known analogy to
understanding how carruns, biochemists dsasseble the engine, transmisson and body, charaderize all
the peces ad atempt to rebuild a working vehicle. Ganeticists, by contrad, bre& single components,
turn the key and try to ddermine what dfect the sngle missng pat has on the ca’s operation. This
impliesthat genetic methods often require a speific phenotype before they can be cariedout.

Traditionaly, the toadls available to analyze protein-protein interadions in nmulticdlular organisms have
been redricted to biochemicd appoades. Hwever, desjte obvious adantages, biochemical
appoadies can be time-consuming. Biochemicd methods that deect poteins that bind to another
proteins generaly resut in the appeeance of a band on a plyaaylamide gé. These methods ae
sometimes referredto as ysica methods and include potein affinity chromatography, afinity blotting,
immunopredpitation and crosslinking (3).

Protein probing uses alabeled protein as a pobe to saeen an expresson library in order to identify
genes acoding interading proteins. Snce d combinations of protein-protein interadions ae assged,
including those that might never occur in vivo, the posshility of identifying artifadual partners exists
and is atypicd disadrantageof most exhaugive seceening procedues.A seond drawback deivesfrom
the useof abaderia host, where not al posttransational modifications neededor the interadion might
occu. A third dsadrantageis that sceening rather than sdedion is usel as the means of detedion,
which inherently limits the number of plaques that can be assayed. The “Phage Display” method is
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noteworthy in this matter. Here the methodology is based on the fad that an Escherichia coli
filamentous hage ca express &ugon protein onits suface.

A magjor advantage of the descibed method is the dfinity purificaion step through “panning” cycles,
that enablesone to erich every cycle 10006fold for spedfic phagesthat mntain an interading protein.
Disadvantages of phage display include the size limitation of protein sequence for polyvalent display and
the requrement that proteins be secreedform E. coli. Moreover, dl phageencoded poteins ae fuson
proteins, which may limit the adivity or accessbility for the binding of some proteins (3).

THE TWO -HYBRID SYSTEM
What is it?

Apat from the aove-mentioned methods, anew technology has been developed during the past
decadeThistechnique, atitled“two-hybrid” or “interadion trap”, enablesnot only the identification of
interading patners but dso the daraderizaion of known interadion couples ad even embodies the
technologicd means to manipulate protein-protein interadions.

The modular propertiesof GAL4 and other transaiption fadors in general fostered this strategy. Indeed
many eukayotic transaiption adivators have atleasttwo dstinct functional domains, one that direds
binding to apromoter DNA sequence and one that adivates transcription (4,5). This fad was illustrated
by exchanging DNA binding domains and adivation domains from one transaiption fador to the next
while retaining its function. It was shown that the adivation domain of yeast GAL4 could be fused to
the DNA-binding domain of E. coliLexA to aede afunctional transaiption adivator in yeast(6).

The “two-hybrid” technique eploits the fact that the DNA-binding domain of GAL4 is incapdle of
adivating transaiption unless ysicaly, but not necessey covalently aseciated with an adivating
domain

Ma and Rashne (7) demonstratedthis principle for the first time. They showed that the GAL80 protein,
normally a negaive regulatory protein that interads with GAL4, could be converted into a
transaiptional adivator by fusng it to an adivation domain (AD). The adivation by this fuson protein,
GAL80-AD, was depedent on the presace of a GAL4 delivative beaing the GAL80 binding domain
(C-termina 30 amino adds) but lading its own adivation domain (7).

The adud use of those different functional modules of a transaiption fador to sudy protein-protein
interadions wasfirst poposedby Fields axd Song (8). They demonstrated the “proof-of-conce” by
using SNF1 fused to the DNA-binding domain (DB) and SNF4 to an adivation domain (AD). Only after
expresson of thesetwo chimeras, &ad stbsequet interadion of SNF1 and SNF4, dd they reconstitute a
functional transaiption fador that is ale to inducereporter gene expresson. The initial experiments
confirmed that a transciiptional readeout could be used as &ool to gudy interadions between proteins
not involvedin the transaiption process.
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In general, in any two-hybrid experiment a protein of interest is fused to aDNA-binding domain and
transfeded in a yeast host cdl beaing areporter gene controlli ng this DNA-binding domain. When this
fugon protein cannot adivate transaiption on its @

own, it can be used asbait” or as a‘targe” to

saeen alibrary of cDNA clonesthat ae fusedto b
an adivation domain. The cDNA clones wthin the
library that encode poteins capéle of forming
protein-protein intera¢ions with the bait are
identifi ed by virtue of their ability to cause
adivation of the reporter gene. Sothe yeasttwo-
hybrid system is devised to identify genes encoding
proteinsthat ae physicdly as®ciated with a gven
proteinin vivo. Sncethe emergence of the two-
hybrid appoad in 1989, anumber of
improvements have keen incorporated that have
increased its applicability (

New developments).

WAS ),

Why not use the two-hykrid system?

It should be moted, however, that the two-hybrid
system doesnot provide a slution for al protein-
protein problems. For different expelimental
rea®ns LmMe poteins ae not suted for this

UAS.),
Fig. 1: Principle of the Two-hybrid system. (A), (B) Two

appoadh. The scefics dout the useof the two-
hybrid system are furnished with a summery of the
extensive list of disadrantages ad drawbacks in
the rext paragraphs.

chimeras, one mntaining the DNA-binding domain (DB:
blue circle) and one that contains anactivation domain

(AD: half blue drcle), are cotransfededinto an appropriate
host strain. (C) If the fusion partners (yell ow and red)
interact, the DB and AD are brought into proximity and can

activate transaiption ofreporter genes(here LacZ).
Since the readout of the two-hybrid system makes usef atransaiption event, one of the most qudal
initial experiments is to chedk whether your favorite protein (Y FP) is able to initiate transcription. If this
isthe caseit might seioudy handicapthe succedsl use of this protein in any two-hybrid appoad (see
Auto-adivation).

An obvious citique ©ncerns the extensive useof chimeras. The useof artificialy made fuson proteins
aways embodies a ptentia risk. The fuson might change the adud conformation of the bait and/or
prey and consequently alter functionalities. This misconformation might result in a limited adivity or in
the inaccesmility of binding sites. However, the use of tagged proteins in genera has been very
succeskl in many biotechnologicd appoades. This succesmight rely on the factthat protein domains
can fold rather independently, enabling the m-existence of different, even atificially introduced,
modules inthe same protein.

The bestcontrol to assg the correct conformation of your favorite protein isto done a kiown positive
interador in the appropriate vedor and “two-hybrid-assay” this interadion. This will only work if both
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proteins are folded corredly. This kind of experiment is only conclusive for the domains involved in the
“positive” interadion, which might diff er from the ones involved in the new interadions that might be of
interest. In summary, this category of drawbadks can be labeled “(mys)steric”, related to folding and the
three dimensional structure of the protein assged. In this respectit is noteworthy that the redprocal
transfer of proteins, i.e. switching proteins rom DNA-binding fusions to adivating domain fusions, is
not trivial, supprting the fact that (mys)deric constraints on folding areinvolved. This swtching or
“swappng” might provide an empirica way to escapéhe pioblem.

One of the most anbiguous dsadrantagesis that the two-hybrid system makes use of yeas, S.
cerevisiagas ahost. Thisimplicaes, asnentioned dove, that YFP must be ale to fold corredly and
exist as a tsble potein insde the yeast cks. The useof yeast ca dso be see as an advantage,since
yeastis doserto higher eukayoticsthan in vitro experiments or those ystems basedon baderial hosts.

A magjor disadrantage of assging protein-protein interadion in any heterologous gstem is that sme
interadions depend upon posttranslational modificaions that donot, or inappopriately, occurin yeas.
Sud modificaions ae frequent and include the formation of disufide bridges, ¢ycosylation and most
commonly phosphorylation. Some new two-hybrid systems, however, try to circumvent this
inconvenience by co-expressng the enzyme respnsible for the posttransational modification.

Since the two-hybrid system needsthe fuson proteins to be targetedto the yeastnudeus,it might be a
disadrantagefor extracdlular poteins or proteins that mntain strong(er) targeting Sgnals.

When saeening libraries, a god representation is audal. In classca two-hybrid library prepaations
only one out of six fused cDMs is in the correctframe, pusing the total number of independent clones
to be screened to over a million, at the border of pradicd feashbility. Making diredional libraries of a
relevant tissue or cdl type might be a solution. Another solution might be to go for less complex
organismslike C. elegans

Saeaiing of libraries sdeds for optimized interadions. Many isolates may not represent full-length
cDNA. Indeed,it has been shown that subdomains may interact better than full-length clones, wobably
refleding domain function during folding of the protein. The best way to encompass this problem is
probably to done only full-length cDNAS in the correct open readng frame. Although extremely labor
intensive, this appoach was taken to egablish the cwmplete yeast potein linkage map (see Whole
genome appoadies usng the two-hybrid system).

Since only reporter gene adivity is measured, it is impossble to exclude the posshility that a third
protein Z is bridging the two interading partners. Although this possbility is rather unlikely and might
even be onsidered as'spedfic,” it holdsfor many of the conventional biochemica techniques.

Some proteins might beame toxic upon expresson in yeas. A number of proteins, sut as gclins or
homeobox gene produds are indeal toxic when expressed @ad targeted into the yeastnudeus. Such
genesmight be counterseéeded during growth and resut in problems. The useof an indudble piomoter
might circumvent the problem. Other proteins might proteolyse esential yeast proteins or proteins
essntial for the system like the DNA binding domain or the adivation domain.
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Since al combinations of protein-protein interadions are assyed, the posshility of identifying
artifacdud partners &ists and is atypicd disadiantageof al exhaugive screaing procedures. Da to
the so-cdled time/space andraints it is potentially possble that both proteins, dthough able to interad,
are never in close proximity to ead other within the cdl. The two proteins @uld be expressd in
different cdl types,or even when found in the sane cdl they could be locdized in distinct suocdlular
compatments. Moreover, interading proteins can be expressed atlifferent points during embryogeness
or during homeostass (e.g. at dfferent time points in the cdl cycle). Soonce two interading patners
are identified, the biologicd relevance of thisinteradion remains to be deéermined.

Why use the two-hylrid systan?

Apat from the aove-mentioned dawbacks,the two-hybrid system has ®me dear adantagesover
classcd biochemicd and genetic appoadies.First of dl it embodies an in vivotechnique usng the yeast
host cdl as alive testtube. This yeast gstem brings the higher eukayotic redity closerthan most in
vitro appoadhesor tedhniquesbasedon baderial expresson. Appeding feauresof this g/stem are the
minimal requirements to initiate ascreening. Only the cDNA, full-length or even partial of the gene of
interest is neaded, in contrast to sometimes-high quantities of purified proteins or good quality
antibodiesneededn classcd biochemicd appoades.

Weak ad transient interadions, often the most intereging in signaing cascadesare more ready
deteded in two-hybrid since the genetic reporter gene grategy resuts in a sgnificant amplification. It is
usdul to keepin mind that there is atradeoff between the identification of we& interadions and the
number of false positives encountered when performing ascreening procedure. Apart from the ability to
saea libraries, the two-hybrid system dso dlows for the analysis of known interadions. This can be
adhieved by pinpointing crudal resdues for interadion or by a functional charaderization of the ettire
subdomain. By doing semi-quantitative experiments one can even interpret dfinities from two-hybrid
experiments. It was denonstrated that the grength of interadion as predcted by the two-hybrid
appoach generaly correlates wth that deermined in vitro, permitting discrimination of high-,
intermedate- and low-affinity interadions (34). h addtion, binding affinities of pegides to
retinoblagoma (Rb), as déermined by suface pasnon reonance, orrelated with resuts from the two-
hybrid assy.

The two-hybrid system was predicted to be limited to the analysis of cytoplasmic proteins. Indeed
extracdlular proteins or protein domains ae often N-glycosylated and contain disufide bonds, both of
which are not expeded to occur in the yeastnudeus(9). However, several successes we reported
with transmembrane recepors. Appropriate extracdlular recepor-ligand interadions wee demonstrated
for the growth hormone,proladin and growth hormone rdeasng recepors (1Q11). Thus, recepors with
whole extracdlular aiticd ligand binding dgerminants can sometimes be evaluaed by the two-hybrid
system. But, it may be inappopriate for recepors with deerminants in transmembrane comains that
form intramembraneousligand binding pockets (11).

One of the most appeting fedures of the yeasttwo-hybrid system is that the identification of an
interading protein implies that at the sane time the crrespnding gene is doned. Two-hybrid saeens
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are sometimes referred
to as  functiona
saeas, snce
interading proteins
might give afunctional
hint if at leastone of
the patners has a
known functional
commitment in a well
undergood  ggnaling
pathway. Trying to
attribute function to an
unknown target is
often more diffi cult.
Here, the identified
partners reed to be
known or the problem
will propagate.
Although the outcome
of a saeeiing often
results in nmany new
hypotheses, they 4ill
needto be validaed by
other tedhniques. As a
concluson, there is
enough rea®n to
remain scepic aout
two-hybrid screenings
but the most
convincing argument in
favor of the two-hybrid
is the number ad
speed in which many
signaling cascadefave
been  rexlved in
moleaular detall.
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Fig. 2: General flowchart of a hypothetic two-hybri d screen. Pointed lines should be
followed in case of negative results.
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MATERIALS AND METHODS
Introduction

Actud saeeiing involves many choices, sice se@eral comparable two-hybrid systems are available.
Many of the most encountered problems and potential pitfalls ae reviewedin this setion. In most cases
atypicd two-hybrid experience goesthrough a sequece asoutlinedin Fig. 2.

Construction of the “target” or “bait”

When peforming a two-hybrid saeen, the first dedsion to be made is the doice of the most
appopriate vedor system. A large number of different DNA-binding domain (DB) and transaiption
adivation domain (AD) containing vedors have been used succefdly. The most extensively used
vedors ae GAL4 based, pobably becausethey were the first cmmmerciadly available. Alternative
systems make useof the DB of the baderial LexA protein and the AD of VP16 or the so-cdled B42AD.
Both systems, GAL4 and LexA, have adrantages ad drawbacks vhich make the choice more difficult.
In the following paragraphs the ngjor diff erences between the two systemswill be pointed out together
with the major pitfallsin atypicd scre@ing procedure. 8icethe LexA and the GAL4-basedtwo-hybrid
systems have diff erent properties, it is not unreasonable to imagine that some nteradions might be
deteded diff erently in both systems. Trying both will i ncrease the chance of success.

The pomoterregulates the expssion level of the tget potein

The 1500bp full length ADH1 promoter, that normally drivesthe expresson of the metabolic enzyme
alcohol dehydrogenase 1)eadsto high-level expresson of sequaces underits @ntrol. This promoter is
usedin the pPASZ-1) and pLexA plagmidsthat ae usedo clone the target-fuson. It is aso preset in
PGAD-GH that can be usedto done the cDNA library. Expresson from this gromoter is maximal
during loganthmic growth of the yeast cks axd beammes repressedh late log phase by ethanol
accunulation in the medum. This explains why Wedern blot analysis of the expressedfuson protein
gives the best results when logarithmic growing yeast is used. Although the ADH1 is generally
consderedto be a $rong constitutive promoter, expresson is acudly repressé as much as 10-fold on
non-fermentable cabon sources(12). In contrastto this full-length promoter, several cloning vedors,
including pGBT9 (DB) and pGAD424 (AD) contain a truncated 410bp ADH1 promoter. Expresson
from this promoter leadsto low or very low levels of fuson protein expresson that ae hardly detedable
on a Wedern blot (13-15). The dhoice of expresson plagnid might be influenced by the nature of the
targd. If the targetis expededto interfere with the endogeneous yeastmetabolism, a lower expresson
might be beneficial. However if the expresson of the fuson-protein need to be assged, the higher
expresson level is more convenient. Legrain et al. (15) used kown interad¢ion patnersto gudy the
influence of expresson levels of the fusion proteins on their detedion sensitivity in two-hybrid assays.
Combinations of weak epressng plasnidsrevededthat deedion of theseinteradions wasroughly 50-
100 times less sesitive. Therdore, an interadion assged by useof these pasnids may sometimes
escape dedion. Important, however, is to notice that this obsevation was strongly dependent upon
the protein-couples used. @me protein combinations wee waffeded in sensitivity whereas others
dropped only 10-fold. Another important but less documented parameter is the relative position of the
various “casEttes’ in the different vedors. A smple correlation between sensitivity and length of the
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promoter fragment usel is excluded since the useof other dasnids ®ntaining the sane poteins wnder
the sametruncated promoter did not result in a loss of sensitivity (15).

Total expresson level doesnot only depend on the promoter grength and the carbon source used,but
also on the copy number of the dagmid. In most coommonly usedtwo-hybrid plasnids, the origin of
replicaion isthe so-cdled 2um origin. The 2-um circle dagnids ae maintained gable and athigh copy
numbers (50-100 opies per ck) in yeas, and function solely for their own regication (16). It was
shown that 2pm DNA replicaion is smilar to chromosoma DNA replicaion. 2-um DNA is the only
known example of a multiple-copy extradiromosomal DNA in which every molecue repicates in each
cdl cycle (17). It should be noted that in the mntext of a reverse hybrid system (see Reverse Hybrid
System), the expresson levels of the hybrid proteins sould be maintained aslow as mssble, snce
every “badkground” interadion, which might occur more often at high protein expresson levels, will kill

the yeas. Therefore, the vedors usedn thesereverse hybrid systems make use of low-copy, so-cdled
centromeric, expresson plagnids. The dfference in expresson levels between high- and low-copy
plagnids can be asmuch astwenty- or thirty fold. Also when usng toxic proteins, the use of these
centromeric vedors in forward sceens can be taken into consideration.

Featues of taget/bait vectors

The pAS vedors dso ewcode ahemadutinin (HA), YPYDVPDYA, eptope tag in frame with the
GAL4DB (18). This alows the protein to be visudized wth commercially available aiti-HA antibodies.
There has been some controversy about the introdudion of the HA tag sncethisresutsin a weak ato-
adivation when the empty vedor is transformed and reporter gene adivity is measued. However, when
a potein is fusedin frame, in general, the fuson protein loosesthe auo-adivation properties. In
principle, this muld be used asra“in-frame @ntrol” but it has never been advertisedin this way. It
might however explain why in the rew version of the pAS2, named pAS2-1, the HA tag is removed.
The sane HA is now introducedin pACT2, which is the success of pGAD424. Other characgeristics
that might influence the doice of avedor are from amore padicd nature. In al vedor systems care
must be taken to maintain the poper readng frame when creding the two-hybrid proteins.
Compatibility of the rultiple cloning site (MCS) in the DB and AD containing vedor can be beneficial.
Cloning in both vedors pemits both verificaion of the @rrectlength on Wegern blot and enables the
establishment of a panel to score new targets insimple co-transformation or mating experiments.

Another “add-on” found in some of the commercialy available vedors is the CYH2 gene. CYH2
encodes the L29 protein of the yeast ribosome. Cycloheximide (Chx), adrug which blocks polypeptide
elongaion during trandation, prevents the growth of cdls that cntain the wild-type CYH2 gee. Chx
regstance resuts from a sngle anino agd change in the CYH2 potein (19). When a wild type CYH2
containing plagmid is resent in amutant yeast frain regstant to Chyx, it confers Chx sensitivity. Adding
Chx to the medum resuts in a séedion for yeastthat has lost the CYH2 ontaining plagnid. This
technique might be uséul to seéect for only the library inset containing pasnid &ter seceening (see
Separéing the two-hybrids). A potential danger is that dueto leakageon the promoter of this CYH2
gene the yeast growth is retarded.
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Most two-hybrid strains have aleson in ether URA3, LBJ2, HIS3 TRP1 and/or ADE2 which allows
sdedion for yeast cés that wee transformed wth plagnids that cary the rrespnding gene by
growth in the &sence of the appopriate anino adds. The most widdy usedmarkers in yeast ae gaes
encoding amino add biosynthetic enzymes. Hbowever, in a receitly introduced target vedor
(pHybLex/Zeo) zeocin is used as s&dion marker. Paent et al. (17) have compiled an extensive list of
yeast toning vedors. In addtion, alist of the most commonly usel plasnids in two-hybrid and their

distinguishable feaures is lsted in Table 1.

Table L' Overview of the most commonly used two-hybrid vectors. The last column describes the

origin of the promoter and the accession number in EMBL (AC)

Name Seledion- Functional domain promoter, AC
marker

GAL4-based

pMA424 HIS3 GAL4DB Original vedor, 12 kb

pGBT9 TRP1 GAL4DB ADH1(truncated)
AC: U07646

pAS1l TRP1 GAL4DB+HA ADH1(full length),
CYH2

pAS2 TRP1 GAL4DB+HA ADH1(full length)
CYH2
AC: U30496

pAS2-1 TRP1 GAL4DB ADH1(full length)
CYH2
AC:U30497

pGAD2F LEU2 GAL4AD Original vedor, 13 kb

pGAD424 LEU2 GAL4AD ADH1(truncated)
AC:U07647

pGAD10 LEU2 GAL4AD ADH1(truncated)
AC:U13188

pGAD-GL LEU2 GAL4AD ADH1(truncated)

pGAD-GH LEU2 GAL4AD ADHZ1(full length)

pGAD1318 LEU2 GAL4AD ADH1(full length)

pSE1107 LEU2 GAL4AD

pSD-10 URA3 VP16AD

pACT1 LEU2 GAL4AD

pACT2 LEU2 GAL4AD+HA ADH1(truncated),
medium expression
AC:U29899

LexA-based

pBTM116 TRP1 LexA ADH1(truncated)

pLexA HIS3 LexA ADH1(full length)
= pEG202

pB42AD TRP1 B42+ SV40 NLS +HA GAL1 (full length),

inducible promoter
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= pJG4-5
pHybL ex/Zeo Zeocin LexA ADH1(truncated)
pYESTrp TRP1 V5 epitope + SV40 NS + GAL1 (full length),
B42 inducible promoter
pGilda HIS3 LexA GAL1 (full length), inducible
promoter

centromeric vecaor

Sequencing andéstern Blot analysis

Before proceedng with adud saeening it is adiisable to checkthe diimeric cDNA by sequecing and
to verify the a¢ud expresson of the fuson protein insideyeas. The latter can be atievedby “classcd”
SDSPAGE ad swsequet Wedern blot analysis asoutlined in Protocol 1. Both anti-GAL4DB and
anti-LexA antibodies are ommeraally available (dontech #5399-1).This is preferebly performed on
the yeast frain usedfor saeening the library to be sue that the targetis propely expressed20).

Protocol 1 SDSAGE andWestern blot analysisotched for full-length expressia of the target
fusion protein in the GAL4 system

After transformation of the dagmids excoding GAL4DB fuson proteins into Saccharomyces cerevisigean
HF7c and incubation on plateslacking the appopriate anino acds (e.g.Trp), sngle colonies are inocuated
into 15 ml synthetic medium lading the same amino add(s). At an opticd density (Asog) around 0.7, the
cutureis cantrifuged at 2500 rpm for 5 min, the pdletis wadedin distill ed water and boiled for 3 min in200
pl of 2 x Laenmli loading buffer. 50 pl of this sample is separated by 10% SDS-polyaaylamide gel
eledrophoress and blotted onto anitrocdlulose membrane (Schleicher & Schuell, Dass, F.R.G.). Detedion
of the epressedfudon proteins can be peformed wth polyclond anti-yeast GALADB antibody and
peoxidase-onjugaed anti-rabhit antibody usng ECL (Amerdam Life Seéence, Amergiam, U.K.).

Auto-activation

Since the two-hybrid system is basedon reconstitution of afunctional transaiption fador, checking the
auto-adivation cgpadty of the target is crucia for the overall feasbility. Initiation of transcription, due
to some kEtent adivating adivity is present in approximately 5% of all proteins and even more in
randomly generated fragments (like in libraries). The use of a library fused to the DNA binding domain
would result in a large amount of false positives illustrating that auto-adivation can cause problems.
Since DNA-binding to the upsrean adivating sequace (UASg) is nore stringent, it provides arational
for making the librariesin the vedor containing the AD.

A dngle transformation and reporter gene assq tells you whether your favorite protein (YFP) is able to
induce reporter gene adivity. What if YFP is auto adivating? If it is only wegk, e.g. only a minor
badkground on the HIS3 and not on LacZ one auld try to increasethe anount of AT inthe pdates(see
Pilot transformation in the GAL4 system). Inthe LexA system udng less sensible reporter hosts or LacZ
expressng plasmids ontaining variable DNA binding regons can geneticdly control the sensitivity. This
ability to tune geneticaly the sengitivity of the reporter might be one of greaest advantages of the LexA
system (seeTable 4). If this tuning doesnot help, more radcd appoades neal to be apgied. It is often
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possble to ddete a small regon of a potein that adivates transaiption. Ranoval of this adivation
function while retaining other properties of the protein might enable the useof the target to saeen
libraries.Alternatively, insteadof usng a Gterminal fuson to the DB, an N-terminal fuson can be tried.
Indeed normal two-hybrid methods detect interadions between two proteins fused atthe Gtermini of
the DB and AD, respetvely. This implicaesthat the N-terminus of none of these poteins is available
for interadion. It was demonstrated, using constructs with reverted polarity, that such constructs give a
spedfic interadion sgnal that is damaticdly increased. Sutconstructs might lead to the identification
of partners missed dring dasscd two-hybrid sceens and might at leastin some cases fovide a
solution to the auto-adivation problem (21).

In theory, another lution could be cnsidered. If auo-adivation is grong like in the cag of
transaiption fadors, it could be possble to appy a reverse appoach. By udng atoxic reporter gene
and an auo-adivating target under an induable promoter, dl yeast clts that are not represse by an
interaction, will die upon induction of the promoter. All yeast cdls surviving such ascreening procedure
should contain a dasmid encoding an interadion patner of the ado-adivating bait.

Nuclear localization: theepression assay

Another requirement, apart from corred folding of the fusion protein and imposshility to initiate
autonomousdly transcription, is the ability of the fusion to be locdized to the yeast nucleus. Indeed all
transaiption events ae dedcaed nudear pocesses. Spdi binding of GAL4 to the (UAS) is
conferred by a znc-cluger motif locaed wthin the N-terminal 64 resdues(5,22,23). GAL4 binds as a
dimer to DNA, which is mediated at least in part by an a-helicd regon within resdues 65-94 Wwich
form a wiledcail interadion (23-24). GAL4DB dso has its own nudear locdizaion signal (NLS)
within its N-terminal 74 resdues (25-27). A positive @ntrol can be usedto check the nudear
locdization in the GAL4 system. Unless,in the caseof auto-adivation, where apat from the poblems
described above, the nuclea locdizaion problem istrivial.

Since L&A is abaderia protein it contains no NLS. Therefore, the NLS of SV40large Tis fusel in
frame ensuring nudear locdizaion. The nudearlocdizaion of LexA fusons can be assged by a so-
cdled “Repesson” or “Blocking assg”. The represson assg is basedon the obsevation that LexA
and non-adivating LexA fudons can represstransaiption of a yeastreporter gene that has LexA
opeators postioned between the TATA and updrean adivating sequece (UAS) (28). LacZ
expresson is inducedby gdadose ad is deedable in the presence of glucose. A transaiptional inert
LexA fudon that bindsto the operator locaed between the UAS; and the TATA box is &le to repress
or block the LacZ expresson, a dearindication that the LexA fuson is propely locaed to the yeast
nudeus. The remrter dasnid pK101is usedio peform this repressn analysis. Snce repressn is
never complete, a positive and negative control is needed to cdibrate the represson cgpability of the
protein assged.

One could argue that nudearlocdizaion of the targetor prey as suhb is not grictly requred. Indeed,if
interadtion occus in the g/toplagn, both interading proteins, of which only one contains a NLS, might
be targeted to the nudeus. Hbwever, this might only be true for strong interadions that are not aways
the nost interesting.
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Positive contol

The bestway to avoid most problems concerning bait construction isto done a kown interador in the
opposite vedor and to assy the interadion in a two-hybrid system. If this resuts in spedfic reporter
gene adivation, your fuson protein is corredly folded ad properly targetedto the nudeus. Hbwever, if
this test fails, finding out why, might be cumbersome.

Lib rary choice

It is dways a g@od ideato dart with a library prepaed from a tissuein which the target protein is
known to be biologicaly relevant. To screen a mammalian cDNA library until saturation, more than 5-
10 x 10 yeasttransformants needto be seeened. Both oligo-dT and random primed libraries are used.
Important quédity parameters are the number of indepadent clones before and &ter anplification, the
number of clones that contain an insat and the mean insat length. Having multiple doning dtes
availlablein thelibrary plasmid is beneficial to sibclone in later stages the inse't for addtional interadion
controls outside the two-hybrid system. The most commonly used pagmids for library construction are
listed in Table 1.

Important is aso the relative strength of the adivation domains, indicaing therr ability to initiate
transaiption. Both VP16 and the AD of GAL4 are known to be grong adivators making the s/stem
more sensitive. This might be neeled for the detedion of we&k interadions but results inevitable in
higher backgounds. Therefore the useof B42AD, a random fragment that was isolated for its
intermediate transadivation cgpabili ty, might be beneficial in setting up ascreening.

For the library plasmid there is amgor difference in promoter between the LexA and GAL4 system.
While in the most commonly used plasnids of the GAL4 system, fuson proteins ae weaky and
constitutively expressedthey are doned behind a $ronger but indudble promoter in the LexA system.
In the latest version of the library plagnid usedin the GAL4 system, pACT2, a truncaed weaky
expressng version of ADH1 is used. ldwever, sncethis romoter is agaceit to a sedion of pBR322
that ads as aransaiptional enhancerin yeas, amedum expresson level is obtained.

Indudble expresson hasthe advantagethat there is lessopportunity for AD fusons proteins to have a
toxic effed on the yeast host, which could also result in the elimination of this protein from the pool of
potentially interac¢ing proteins. However, the expelimental protocol is longer in the case of indudion
since transformation efficiency drops damaticdly if the transformations are diredly sdeded on all
awxotrophic markers and on a carbon source that induces gpresson of the library fuson protein.
Therefore, one typicdly sdeds for al plasnids before indudion. Although this procedue is longer, it
might be beneficial since only pat of the origina transformation mix need to be induced, enabling
means to peform saeening in shifts and having backupsin caseof contamination. It is possble to
combine vedors as long as they are compaible with ead other with regadsto the séedable markers
and the UAS before the reprters (sedable 2) (29).
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Table 2: Comparison of the LexA and GAL4 Y east Two-Hybrid Sysems

DB vector AD vector
selection selection Chromasomal Plasmid reporter
marker marker reporter gene(s) gene

GAL4 Systems TRP1 LEU2 HIS3,LacZ (none)

LexA Systans HIS3 TRP1 LEU2 LacZz

Choose a yeast sain as a host

Reporter gen) andresulting sensitivity

The updream adivating regons and TATA regons ae the basc building blocks of yeast pomoters.
The initiation of gene transcription in yeast, as in other organisms, is achieved by several moleaular
medanisms working in concert. All yeast gees aie precededy aregon containing aTATA box. Many
genes aie dso aseciated with cis-ading transaiption dements and sequacesto which transaiption
fadors and other trans-ading reguatory proteins bind and dfecttransaiption levels. The term promoter
usudly refers to both the TATA box and these asstiated ¢s-reguatory dements. Gene reguation in
yeastinvolves ¢s reguatory dements that ae relatively closdy as®ciated wth the TATA box. The
most common type of cis-ading transaiption eements in yeast a upgrean adivating sequaces
(UAS). UAS sequrces ae reaognizedby spedic transaiptional adivators that enhance transaiption.
The enhancing function of yeast UASs is generally independent of the orientation but it is sensitive to
distance dfeds, if moved more than a few hundred base pars from the TATA regon. There may be
multiple mpiesof a UAS upsream of ayeast oding regon. In yeas, the genesrequred for gdadose
metabolism are ontrolled by two reguatory proteins, GAL4 and GAL80, as wé as by the carton
source in the medum (30). When gdadoseis peseit, the GAL4 protein bindsto the GAL-respnsive
elements within the UAS of at least D known gdadoseresmnsive genes (including GAL1). In the
absence of gdadose, GAL80 hinds to GAL4 and this interadion blocks transaiptiona adivation.
Furthermore, in the presence of glucose, transcription of galadose genes is imnediately repressed. The
17-mer consensus sequece, referredto as WASg, functions inan additive fashion. Indeed multiple sites
leadto higher transaiption levels than a sngle ste (31). This explains why the number of UASg located
before the reporter déerminesthe sansitivity of the interadions that can be assged.

To avoid interference by endogeneous GAL4 and GAL8O0, proteins the yeasthost drains usedin the
GAL4 basedtwo-hybrid system must cary ddetions of the GAL4 and GAL80 genes. Due to the
ddetion of thesetwo genes,the yeast cks gow more dowly as omparedto yeastcontaining the wild
typeversion of these gaes.The useof baderial LexA circumvents this dsadrantage.

Reporter genes can be integated into the gaome or resde on a dasnid. The inconvenience of having
another plagnid containing the rerter gene, ad the needfor an addtional auotrophic marker is
compensaed by several advantages.ndeed,one of the mgjor advantagesof the LexA system, where the
LacZreporter gene is presat on a high copy-number dasnid, is that weak gnals ae more efficiently
amplifi ed than in the GAL4 system, which mekes it possble to assay B-Gdadosidase ativity diredly on
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the séedion plate by including X-GAL in the medum. This avoids tedous reflica ad/or filter lift
assgs.

Reporter strains in LexA and GAL4

In the GAL4-based MATCHMAKER two-hybrid system, dther the intact GAL1 UAS, which contains
four GAL4-binding sites, or an atificially constructed UAS mnsisting of three opies of the 17mer
consensushinding sequaceis used.

Table 3: Survey of the most commonly used yeast strai ns, used reporter genes and the constit ution
(origin) of their promoter in the GAL4 based two-hybrid system.

Expresson

Reporter UAS regulaied by +

genes origin of UAS uninduced induced
H7Fc LacZ, GAL4, 3 X UASG 17-mer - low

HIS3 GAL4, GAL1 (= 4 XUASG 17.:mer) - high
YRG-2 LacZ, GAL4, 3 X UASG 17-mer - low

HIS3 GAL4, GAL1 (= 4 XUASG 17.:mer) - high
SFY526 LacZ GAL4, GAL1 (= 4 XUASG 17:mer) - high
Y187 LacZz GAL4, GAL1 (= 4 XUASG 17:mer) - high
Y190 LacZ, GAL4, GAL1 (= 4 XUASG 17:mer) - high

HIS3 GAL4, GAL1 (= 4 XUASG 17:mer) low high
CG-1945 LacZ, GAL4, 3 X UASG 17-mer - low

HIS3 GAL4, GAL1 (= 4 XUASG 17.:mer) very low high
L40 HIS3, 4 xLexA op

LacZ 8 xLexA op

The relative sensitivity of both reporter genes usedn the GAL4 based appad, respetvely LacZ and
HIS3 depends entirely on the constitution of the promoter. In the GAL4 system the LacZ is nore
stringent, meaning less likely to gve false msitives, than the HIS3 gene. This was elegaitly
demonstrated in arecantly descibed reversethreehybrid appoad. Here the expresson of Ra from a
third promoter auld titrate out the RasDB fuson, keepng it from interading with R&-AD fuson. This
reverse epeaiment resuted in the expeded LacZ negative phenotype hut not in a HIS3 negative
phenotype, refleding the higher saasitivity of the histidine reporter gene as compared to the f-
gdadosidase reprter genein HF7c (32).

In LexA-basel two-hybrid systems, the DB is provided by the eitire prokaryotic LexA protein. LexA
normally functions as aepres®r of SOS gaesin E. coli by binding LexA operator sequecesthat ae
an intega pat of the promoter (33). When usedin the yeasttwo-hybrid system, the LexA protein does
not act as aepes®r becausahe LexA opeators are integated upgream of the minima promoter and
coding regon of the LEUZ2 reporter gene. Expresson of the latter in EGY48 (Eica Golemis Yeas) is
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under the control of sx copiesof the LexA operator (op) sequece and aminimal LEU2 promoter. In
the LacZ reporter dasnids, the LacZ reporter expresson is underthe aontrol of 1-8 mpiesof the LexA
operaor and the minimal GAL1 promoter (34).

As dl of the GAL1 UAS sequrceshave been removed from the LacZ reporter plasmids. This
promoter is not reguated by glucoseor gdadose (35).
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Table 4: Tuning sensiti vity in the LexA system by using different host strai ns and reporter plasmids

EGY reporter strains listed by decreasing sensiti vity

EGY 48 colE1 LexA operators = 6LexA binding sites + TATA +LEU2
EGY 194 2 colE1 LexA operators = 4LexA binding sites + TATA+LEU2
EGY 188 1 colE1 LexA operators = 2LexA binding sites + TATA +LEU2
EGY 40 contains no LEU2 reporter gene

LacZ reporter plasmids listed by decreasing sensiti vity

pJK103 1 colE1 operators, 2 LexA binding sites + TATA + GAL1-LacZ

pSH18-34 4 colE1 operators, 8 LexA binding sites + TATA + GAL1-LacZ
pRB1840 1recA LexA operator + TATA + GAL1-LacZ

Finally there ae many “hybrid two-hybrid systems” that combine GAL4 and LexA basel systems. The
reporter grain L40 pemits the useof the same reporter genes & in the GAL4 system but under control
of LexA operators. This permits the useof the dethora of libraries @mmercially available for the GAL4
systemin a LexA related ystem.

Why use multipleeporter genes

The most sgnificant improvement that acounts largdy for the succes®f the two-hybrid system has
been the wnversion from a ®lor-based asgato anutritional sdedion viaincluson of the HIS3 gene as
a transciiption reporter in addtion to LacZ This dlows much larger librariesto be efficiently saeened
on far fewer plates. Apat from a higher dating density, the useof multiple reporter ganes has many
additional advantages. The use of two reporter genes under the control of a similar promoter but at
distinct pacesof the gewome can eliminate many fase postives. Continuous histidine seledion
throughout subsequent procedures eliminates irelevant library plasmids that may have been
cotransformed with the adud plagnid of interest that initiated reporter gene adivity. Moreover,
plasmids that are toxic to the yeast can undergo rearangements or mutations that eliminate expresson
of the adivation domain hybrid. Since loss of the adivation domain results in loss of reporter genes,
thee yeast cdls do not suvive wunder awotrophic sdedion. The (-gdadosdase atvity of
transformants under HIS3 sdedion is generally enhanced, pobably becausehe transformants ae forced
to producethe hybrid proteins in quantities that enable the HIS3 gene to be expressed atevels that
pemit growth.

Pilot transformation in the GAL4 system

Since HIS3 has aleaky expresson in many yeast &ains, it is recommended to inhibit the basal
expresson of this gae with 3-amino-triazole (AT), a known inhibitor of the HIS3 gene piodud.
Therefore, before garting alarge-scde transformation procedue it could be very informative to perform
a plot transformation that enablestitration of the optimal amount of AT needed.Using too much AT
will result in a loss of we& interadions, whereas the use of no or too small amounts AT results in
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unworkable numbers of false positives. Concentration of AT (mh)

The exactamount is largdy depadent on  Tgest o 23 5 10 5 >
the yeast srain and upon the target used.
The reasn why Y190 requres more AT srang i

to bring down the backgiound expresson O O O
of HIS3 as ompaed to HF7c is related Igematse O O O
to the origin of the TATA sequece. In

most caseshe TATA box of GAL1 is S O O O
used in front of HIS3 (and the one of B

CYC1in front of LacZ) exceptin Y19Q smreibran pusra) | o O,‘ O >

wherethe TATA box of HIS3is used. balt — Ibxary | 7 O @ @ @ @ @

Typicdly a ®muple of srong, we& and

intermedate interading proteins are _. _ o . o .

; Figure 3: Determination of optimal AT concentrati on in a pil ot
transfo_rmed together with the target and transformation using strong, weak and intermediate interactors as
a dlution of library cDNA. The® are positive and negative controls. Cells are plated out on a AT gradient.
plated on a logaithmic gradent of AT Theoptimal AT concentration (dotted double arrow) is this which
(051025 ad 50 mM of AT). This eimatesfalse positives (e.g.formed in case of bait +empty library
generally results in growth as shown in plasmid but which till all ows to detect weak interactions).

Figure 3. Herehe optimal AT would be,
enough to suppresshackgiound and not
too much to be aleto daectthe weakinteradions.

Lib rary Trandormation
Trandormation dficiency

Transformation efficiency is often the bottle neck when peforming two-hybrid experiments. The basc
idea is to sdurate the sceening to obtain as many transformants as possble, and to avoid
transformation of a single yeast cdl with multiple library plasmids, which can seriously complicae
subsequet analysis, the lowest anount of DNA needsto be usedA maximum number of transformants
with aminimal amount of DNA requres ahigh transformation efficiency.

There ae se&veral commonly usedmethods to introduce pasnid DNA into yeas. Theseinclude the
spheroblast method, eledroporation and the lithium aceate method (LiAc) (36-38). Although the
spheroblast method results in high transformation effi ciencies, it is too much time-consuming for large-
scde expeaiments like library saeenings. In general, dedroporation offers the highest transformation
efficiency, and is espea@lly usdul when small quanitities of DNA are transformed. Uhlike the lithium
acdate (LiAc) basedmethod, dedroporation saurates atlow DNA levels, redricting its use in a two-
hybrid approadh. Taken together, all two-hybrid protocols make use of the LiAc method, which is a
quick method to introduceforeign DNA into the yeastin alarge scée experiment.

In the LiAc transformation method, yeast ompetent cdls ae prepaed ad resuspededin a LAcC
solution together with the dasmid DNA to be transformed and an exces of carier DNA. Polyethylene
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glycol (PEG) with the appopriate anount of LiAc is then addedto the mixture of DNA and yeas, and
the mixture is incubated at 30°C. Bdore or after the incubation, DMSO is added iad the cdls ae heat
shocked, which dlows the DNA to enter the cdls. The cdls ae then plated on the appopriate medum
to seéectfor transformants wntaining the introduced pagnids (Protocol 2).

Many versions of this LiAc based protocol are available, probably ill ustrating that many of the diff erent
steps can be subject to change and ae not drictly requred for the final outcome. Like every
transformation procedure the exact mechanism of DNA uptakeis not known, which makes &8 protocols
highly empiricd.

Of crudal importance in every strategy are the yeast cés used. Bice gowth on amader date doesnot
give any seledion criteria for “transformability”, there isalways arisk of seleding for yeast cdls that are
more difficult to make competent for transformation. Best padice is to keep a ®ck of (competent)
yeast cks known to be good for transformation. Even by udng yeast cks known to have worked in
previous experiments, it is advisable to perform several transformations in parallel. A second parameter
found to be important is the growth phase. With resped to this, logarithmic growing cels were shown
to be the bed. Maximal transformation efficiency in ead of the pocedues depeds on finding the
optimal cdl density. The cdl density can be “controlled” by making appropriate dilutions and
determining the opticd density at 600 nm at dfferent times. However, the best method is to look
through the microsmpe ad count the percaetagebuddng yeast cés and cdibrate this percetageto the
number of transformants obtained. Important to notice is that the total volume of cultures is equally
important. Too many yeast cdls in atranformation mix will signifi cantly drop the effi ciency and will give
difficulties to spread on the dates. Too dense pating might resut in higher backgound snce more
dowly growing yeast cdls can grow on the corpses of others. Also crucia in two-hybrid experiments is
the total amount of DNA used.The useof too much DNA in the transformation-mix might be fatal, not
only becausemost protocols will saturate at a given amount of DNA, but it will i ncrease the chance of
multiple library plasmids to enter the same host cdl. This will make subsequent analysis very hard. The
quality of plasmid DNA is said to be less crucial since impurities resulting from the preparation method
might function as carier and consequetly increasetransformation efficiency.

Another criticad parameter is the quality of carrier DNA, which nmust be of high moleaular weight and
completely denatured. Denaturation can be adiieved by repeding the cycle of boiling and chilling
immediately before use. Achieving the proper DNA size distribution upon sonicaion is probably the
most dfficult. Insteadof running agaiose gésto checkthe sze dstributions, a more directway isto use
several batches in a transformation experiment and retain the one that gvesthe highest transformation
efficiency regadless of its size distribution. Competence of DNA uptake atthe level of the cdl wal is
inducedby treament with both lithium ions and PEG (3350-4000). &me peple daim that the qudity
of a FEG gock buffer decease®vertime and might resut in low transformation efficiency.

To ensue that al plagnids are preseit and the target is @rredly expressed, amal diquot of the

compeent yeast clts can be usedto transform a pstive @ntrol. One of best reurces on
transformation of yeast ca be found on the webpageof the Getz Lab (39).
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Protocol 2 Overviw of a typical library screening protocol

1. Start with a mader gdate of yeasttransformed with the target DNA binding domain-fuson
protein (don't keepmader dateslongerthan 2 weeks ad qore them at £C)
Inoculate four 20-50 ml cuturesof a sngle large ®lony, in SD medum that séeds for the
target protein (e.g. -Trp)
Grow for 36-48 hours (until culture becomes “milky™)
Transfer eab of these cituresto a 200ml cuture
Grow overnight
In the morning, transfer entire 200 ml into 400 ml of YPD (OD swould be aound 0.2 in a
total volume of 600ml)
Grow to an ODgg Of about 0.7-0.75 (about 4 hours)
8. Transfer cdlsinto 250 ml bottles(in shifts). Spn at 2200 rm (1000 X g)for 5 min. Keepthe
four pools separieedthroughout the protocol
9. Remove supematant and resusped in water. Spn 2200 rpn for 5 min.,
10 Remove supenatant and resusped cdls, 4 batches,with about 10ml of 1 X TE/LiAc (made
fresh) per bottle.
11 Bring to a 50ml tube. Spn 2200 rpn for 5 min
12 Remove supernatant. Bring final volumeup to 2 miwith 1 X TE/LIAc.
13.Do transformationsin 4 x10 eppendorfs containing:
200 pl yeast chs
8 ug library DNA
30 pl salmon sperm DNA (10 mg/ml)
7 ul 10 X LIAC/TE
30ul DMSO
1.2 mIPEG/LIAc (freshly made!)
14 Vortex and flick to asure DNA is well distributed
15.ncubate at 30°C for 30 minwhile gently shaking in thermomixer, flick every 10
16.Incubate at 42C in thermomixer
17.Chill cdls on ice (1') and spin at 2600 rpn for 1’
18 Resusped in 300pl 1 X TE
19From eadt eppendorf, plate an equa amount (133 pl per pate) onto 3 dateslacking the
appopriate anino adds:total of 4 x 30large pates
20 Plate dlutions (1/1000, 1/10008. 1/100000)on -Trp & -Leu patesto assy transformation
efficiency, for ead of the 4 @mpetent yeastbatches
21 Put pates at 30 Cfor 1-2 weeks

N

o0k w

~

Simultaneous versus sequential tfansations

The LiAc methods typicaly resut in transformation efficiencies of 10° transformants perpg of DNA
when ugng a s$ngle type of plagnid. When the yeastis sSmultaneoudy cotransformed with two plagnids
having dfferent sdedion markers, the dficiency is usu#ly an order of magnitudelower due to the lower
probability that a particular yeast will take up both plasmids. Yesast, unlike baderia, can support the
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propagation of more than one plasmid having the same replicaion origin. Although simultaneous
transformation is less #icient, it might be beneficial to usethis grategy. Apat from being easer,
simultaneous transformation avoids a gowth phase &er the first transformation that might resut in
countersdedion. Indeed,if the expressed mtein is toxic or interferes wth normal yeastmetabolism,
arisng dones might have spntaneous deetions in the first dasmid which confer a growth advantage.
Nevertheless in order to saturate screening, it is advisable to perform sequential transformations which
mostly results in a &éw million transformants.

In the inducible LexA system it is advisable to seled first for transformants, (sequentially induced most
of the time), and in a seond dep to inducethe expresson of the cDNA library insat. This two-step
appoach resuts in a wiform increasein the number of cdls carying ead library plagnid. Before
harveding, eat cdl transformed with the library is dlowedto form a @lony of appoximately the same
size. One adrantageof this appoad is that the number of transformedyeastcdls is amplified before the
synthesis of cDNA encoded proteins. This ensures that yeast cdls containing toxic or mildly toxic cDNA
encoded proteins will not be depleted from the population.

Picking postive cdonies

In the GAL4 system, transformants ae dated out on platesthat ae séedive for the two plagnids and
the addtional awxotrophic reprter gene HIS3 Colonies able to grow on this medium are in principle
indudng HIS3 as areslt of protein-protein interadions that recongtitute a functional GAL4. The size of
the mlony might reflectthe grength of the interadion. However, there isno rea®n to assme that weak
interadions have lesshiologicd sgnificance than strong ones. ®, when picking colonies, cae must be
taken to evaluae the sze of eadt colony to the backgound and not preferentially picking the largest
colonies. The sane holdsfor weak ad grong LacZ after assaying for B-gadadosidase ativity.

In generd after 5-6 dgsthe first wlonies ca be pgcked ad transferredin e.g. 96 well plates. After 2-3
hours they can be regdica gated onto plateslacking the appropriate amino adds and the titrated amount
of AT (mager plate), and at the same time onto plates ®vered with a filter membrane. Snce ®lonies
grow through the filter, it fadlitates the lifting procedure and subsequent lysis in liquid nitrogen. It is a
goad ideato include here a msitive (preferably a grong, intermedate and weakinteradion) and a
negdive control. If not too many clones needbe assged, the 96 wdl procedure ca be repacedby
redica striking diredly on a mader and filter containing plate. In order to pick dso dower gowing
colonies, this procedureis repeted dter 12-15 dygs, largdy depeading upon the number of colonies
obtained.

When perfforming a 3-gdadosidaseted, cae must be taken to the gowth phaseof the yeas. Agan,
fresh logarithmic growing yeast cels will give the best results. Strong interadions should be visible after
2 hours, intermediate ones mght take 6 hours while we& interadions mght neel to be incubated
overnight. The incorporation of both the positive and negaive ntrols on the same filter is the only
relevant reference point. It should benoted that not all HIS3 are LacZ. Dueto the ealier desdbed
diff erent sensitivities of both the HIS3 an LacZ phenotypesit is usudly found that HIS3" and LacZ cells
contain the most biologicaly relevant interaction, however, it cannot be excluded that HISS™ and LacZ
cdls are of potential interest.
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Rescue blibrary plasnid
Preparation of DNArom yeast

After the difficulties to get the DNA inside the yeast, the problem of getting it out is easier to solve..
Many protocols yield little, but nevertheloss a sfiicient amount of DNA that can be transformed to
baderia where it can be amplified for further analysis. One of the ptfalls is that appaently most DNA
predpitates pepaedfrom yeast ontain debris of the yeastouter membranesthat appess to be toxic for
most competent baderia. By diluting this debris below toxic levels, the equivalent drop in DNA
concentration requres avery efficient baderial transformation.

Separating thewio-hybrids

The positive yeasthost cdls ntains two dfferent two-hybrid plagnids, one encoding the bait and
another containing the library insat. There ae seeral proceduesto eirich for the gasnid containing
the library inset. One option makes useof the CYH2 g@e on the target pgasnid, that confers
cycloheximide sengitivity to the yeast host. By adding cycloheximide to the nmedium, it is possble to
sdect for cdls that have lost this dasmid. Another piotocol makes us of baderia (HB101) that are
unable to grow on meda lacking leugne. Only by transformation of a plagnid containing the LEU2
gene, which happens to be the one cntaining the library insert, thesebaderia can be rescuedlt should
be noted that this piocedureis not trivial Snce HB1A grows very slowly (3 days) and DNA prepared
from this grain can be hard to sequace. Alternatively, yeastDNA can be prepaed and diredly, without
any sdedion procedure,transformed into badera (MC1061) (Potocol 3). In theory 50% of the
transformed baderia contain the library plasnid. A smple and highly efficient procedue for rescung
auonomous pasnids from yeast was desited by Robzyk and Kassr (75). In the LexA system, the
plasmid containing the target ad the one mntaining the library inset contain different E. coli origins
enabling an enrichment for the library containing plagmid by smple E. coli transformation.

Protocol 3 Preparation of DNAfrom yeast cells that can be re-tréosnel to chemicé& competent
bacteria

Use afredly inoculated 5-10ml cuture giown ovemight

Centrifuge 5, 2800 rpm

Resusped in 5ml SCE (1 M $rbitol, 0.1 M NaCitrate, 10mM EDTA, pH 65-7, auoclaved)
Centrifuge 3, 2800 rpm

Resusped in 1 ml SCEM (100ml SCE + 214ul B—mercagoethanol) + lyticase transfer into 1.5
ml eppadorf

Incubate 1hour at 37°C

Centrifuge 5 at 1500 rpm

Remove SN caefully

Resusped in 400 pl Yeast Etradion Buffer (005 M Tris.HCl pH 7.5, 0.025 M EDTA, 0.25 M
Nad, 1% SDS, atoclaved)

arwnE
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10 Homogenize

11.Incubate 13 at 65°C

12 Phenolis&ion usng phenol/chloroform/isoamylalcohol until the interfaceis dear

13 Apply one extra phenolisaion step usng pure tloroform

14 Pregpitate DNA by addng 1/100f total volume NaAc and 2.5 volumesof ice®ld EtOH
15 Centrifuge 15-30 at 14000 rpm

16 Washin 750l 70%EtOH and centrifuge 15 at 14000 rpm

17Dry 10 in speegtac

18 Disolve in 100l H,O

19 Transform 20 pl of this mixture to chemicdly competent baderia

Insert analysis—Assayfor specficity in two-hybrid

Depending on the quattity of positivesobtained, seeral appoades ca be taken. In the cag of a very
limited set (<10), anew transformation with positive and negative controls (including empty vedors) to
assd the spedficity of the intera¢ion can be peformedfirst. Between 50-100 psitives, drect sequece
analysis might be considered. If more than 100 sitives,they are best aalyzedby colony hybridization
to identify identicd insats. Gontrol transformations can then be dne with fewer cadidaes. Insat
analysis might also include restriction site analysis, to identify insert families. However, new protocols
enable sceening for recombinant plagmidsby usng PCRmethods dredly onto the yeast cts (40).

Much information can be deived from sequece daa. By running the appopriate dgorithms on the
obtained sequeces,one is dle to eady classfy insats into two main groups the ones of potential
intered, and the others. The latter cdegory includes & known genesthat ae not in frame with the
adivation domain and those with unknown genes that show a polyAAA tail indicaing that the geneis
probably inverted. Other genes that might be omitted from further analysis do not encode proteins hut
RNA or retroposons. Sme poteins can dso be excludedif they are pat of a list of known false
positivesthat arefrequently found, independently of the target used.

Table 5: Overview of most commonly encountered false positi ves. Adapted fom the WWW-site of E.
Golemis (44-45)

Bdieved to dake to be real

Proteins Found as false positives interactors
hsp's 16 5
ribosomal proteins 14 1
cytochrome oxidase 5 -
mitochondrial proteins 3 1
proteasome subunits 4 3
ferritin 4 -
tRNA synthase 3

collagen-related proteins 3 -
Zn finger proteins 3 4
vimentin 2 -
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In general a seond more intereding cdegory passts in the dgorithmic seeening, cntaining both
known and unknown genes. Although the choice of which interadions to charaderize further is dways
arbitrary, some guddines ca be used.For knom proteins the potential biologicd relevance of the
interadion is the most important criteria. If several clones @ntaining portions of the sane proteins are
found, one can try to establish a mnimum interacion domain. By using physicochemica predictions or
threedimensional data, the nature of interadion can be evaluatedin slico, but remains to be validated
by addtional biologicd experiments.

For new proteinsthat show no lomology with any known sequence in DNA nor protein databases, the
above seledion becomes less trivial. The redundancy at which the interadion is found might be aclue
for the importance of the interadion. Noteworthy is that this redundancy is not related to the strength of
the interadion. Even with new proteins, mostly several EST that contain pats of the wding sequace
can be found. By performing extensive EST se&ches, in cycle order, and usng multiple sequece
alignment adgorithms, one can sometimes reconstitute full-length cDNA clones. Usng these sequee
data, one can peform many different dgorithms to predct swbcdlular locdizaion, transmembrane
domains, mnseaved functiona paterns, d@c. O course, these predctions are never “bullet-proof”
evidence, but can be the garting point for more conclusve experiments. Apart from the false positives
that often arise,false negaives ca never be excluded.Indeed anegdive restt in a two-hybrid system
does not necessdaly mean that the two proteins tesed donot interact under al conditions. Several
explanations can be gven for lackof interadion (seeWhy not usethe two-hybrid system?).

To assg the spefdicity of atwo-hybrid interadion, a seiesof addtional transformations is needed.n
general, these include otransformation of the found bait with empty vedor or with a vedor encoding
an irrelevant protein. By usng mating assgs, these spaticity teds can be peformedin a very short
period of time. Méaing takes adantageof the fact that hagoid cdls of the opposite mating type will
fuseto form diploids when brought into contact with eat other (41). In the mating assg, the targetis
expressedn one yeast srain and the adivation domain fuson is expresse in a seond strain of opposite
mating type. Using pre-transformed paels of yeast cés one can eady check lots of combinations that
would otherwise requre long cotransfedion expetiments (42-44).

Take the inteaction outside the yeat system
Corfirmation of interaction

In general, people like to see a anfirmation of the interadion outside the yeastcel. Therefore several
assgs ae available, sut asin vitro “pull-down” assays and co-immunopredpitation. Most of these
ass§s use epope taggedversions of the proteins involved. Alternatively a co-locdizaion experiment
can be usal to validae the two-hybrid interadion couple. In most casesjnteradions found in two-
hybrid can be confirmed athough it may take time to find the best conditions since nost of the protocols
include empiricd steps that need to be optimized for every interading couple. Robably the most
conclusive experiments are performed by co-immunopredpitating endogeneous, and thus physiologica
amounts of, proteins. A new vedor, pWITCH, was designed to fadli tate the charaderization of proteins
encoded by novel cDNAs that wee isolated usng dther aone- or two-hybrid assg. Expresson of
diredionally cloned cDMAs is obtained in vivo in Saccharomyces cerevisifrom the inducible GAL10
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promoter and in vitro from the T7 promoter. In addtion, trandation of the cloned cDNAS reslits in
proteins that aretaggedn vitro with a spetfic eptopetag, and in vivowith both the epitope tag and the
VP16transciiption adivation domain (46-47).

Functional assays to testlevance of interaction

One of the most dalenging and most dfficult tasksis to determine the adud function of the
interadion. The way thisis adievedis largdy depedent upon the sgnal transdudion pahway in which
the interadion is thought to be functionally relevant. In most cases the effed of inhibitors, mutants or
dominant negative versions of the involved proteins can be evaluated. Using two-hybrid technology, a
very detailed but time-acnsuming dissetion of dgnal transdudion can be madeby usng the ©-cdled
interadion suppresen appoad (see hteration suppressn). In dmost d cases, algnotypethat can
be assayed is required. It is said that the two-hybrid is an easy tool to generate many new hypotheses.
The validation of these becomes in many cases the next time-limiting step.

NEW DEVELOPMENTS
I mprovements

Refinements of vedors for usein the yeasttwo-hybrid system are reviewedby (48). A new host strain

was developed that is extremely sensitive to wedk interadions and eliminates nealy all false positives
usng dmple date assgs. This yeast frain contains three reporter genes: HIS3 ADE2 and LacZ each
under ontrol of a dfferent promoter (GAL1, GAL2, and GAL7 respetively) that respnd to the same
adivator GAL4 (76). In another system, the target potein is expressed as fuson with the DB cbmain

of the human edrogen recepor (ER) in a yeast frain containing an integrated URAS reporter gene
driven by one or threeER respnse éements (ERES). In contrast to the HIS3- and LEU2-based gstems,
it can be assged quatitatively, by deemining the adivity of the rerter gene pioduct orotidine-5 -

monophosphate decaboxylasein cdl-free etrads, and enables anegdive séedion scheme by usng 5-

fluoroorotic add (see Reerse Hybrid System) (49). An important advantageof this g/stemis the useof

atarget pomoter that dives URA3reporter gane expresson, which is dfferent from those @mmonly
used in two-hybrid systems (mostly the GAL1 promoter). Combination of this URA3/ER with

HIS3/GAL4or LEU2/LexAmight provide elegant strategies to eliminate false positives. An additional

review on progress ad variations in two-hybrid and threehybrid technologiesis avail able (50).

Reve se Hybrid System

The two-hybrid system does not dlow genetic sdedion of events resmnsible for dissociation of
paticular interadions, ad hence, its usein the daraderizaion and manipulation of protein-protein
interadions has been limited. All reverse systems make use of yeast strains in which expresson of
interading hybrid proteins increaseshe expresson of a countersdedable marker that is toxic under
paticular cnditions. Under these onditions, dssciation of an interadion provides a sdedive
advantage, thereby fadlitating detedion: a few growing yeast colonies in which hybrids fall to interad
can be identified among millions of non-growing colonies expressng interading proteins. Several
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reverse  tybrid systems are
proposed. The first reverse two-
hybrid system uses ayeast &an
that is resistant to cycloheximide
due to the peseice of a mutant
CYH2 gene. This stran also
contains the wild-type CYH2
alele under the transcriptional
control of the GAL1 promoter.
Expresson of the wild-type GAL4
protein is suficient to redore
growth sensitivity to
cycloheximide. Growth sensitivity
towards cycloheximide is also
regored by the m-expresson of
the avian c-Rd protein and its
IKB-a counterpat, p40, asGAL4
fusion proteins. Restoration of
growth  sensitivity  towards
cycloheximide  requires  the

as®ciation of c-Rd and p40 at
the GAL1 promoter and correlates

with the ability of the c-Rel/p40
interadion to adivate expresson
from the GAL1 promoter (51).

Another reverse hybrid system
makes useof the most widdy
used ounter-sdedable marker in

yeast gaeetics, URA3 which
encodes orotidine-5’-phosphate
decaboxylase, a enzyme

required for the biosynthesis of
uradl. Yeast cdls that oontain
wild-type URA3 dther on a
plasmid or integrated in the
genome, grow on nmedia ladking
uradl  (URA3  phenotype).
However, the URA3encoded
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Figure 4: Principle of the reverse two-hybrid system. (A) the * split-hybrid”
system is based on the E. coli TN10-encoded tet-repressor (TetR)/operator
system: interaction of the hybrid proteins X and Y activates the transcription of
a TetR; the TetR protein then represses HIS3 expresson, resulting in ano-
growth phenotype on plates without histidine in the growth medium (53).
Abrogation of the interaction, either by mutatihg Y or by introducing a
dissociator (D), shuts down TetR expresson, leadsto HIS3 expesson and
results in growth on seledive plates. (B) The revase two-hybrid systemtakes
advantage of counterseledable yeastreporter genes (5154-55).URA3
expresson sensitizes yeast cdl s to 5-fluoroorotic acid (5-Foa), CYH2
expresson to cycloheximide. Abrogation of the interaction enables the cell s to
grow in the presence ofthesedrugs.

decaboxylase ca dso caalyze the mnversion of a non-toxic analogue, 5fluoroorotic agd (FOA) into
atoxic produd, 5fuorouradl (52).
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Hence, mutations that revent an interadion can be séeded from large libraries or randomly generated
aleles. Similarly, moleaules that dissociate or prevent an interadion could be seleded from large
libranesof pegidesor compounds (54-55).

SRSsystem

A new Sos-recrutment system (SRS) was desiied by Aronheim (57). This SRSis basal on the
obsevation that the mammelian GDP-GTP exchange fador (GEF) hSos can only adivate Ras vien
hSos is locdized to the plasma membrane. In mammalian cdls, this occurs by reauitment to the
cytoplagmatic tail of adivated gowth fador recepors. The yeastSaccharomyceserevisiaerequires a
functional Ras signaling pathway for cdl viability. A yeast strain containing apoint mutation in the yeast
Ras GEF (Ras guanyl nudeotide exchange fador), cdc252, dows temperature-sensitive gowth, but
expresson of hSos artificialy targeted to the membrane by myristoylation or farnes/lation can redore
growth at the non-permissve temperature.

The RS wsesthe ° -
requirement of

hSosto be
reauited to the Sos
membrane to
rescue gowth as
amethod to
detect potein-
protein
interadions. The
target potein, is
fusedto hSos,
and the patner l

No Growth

. Growth
protein or cDNA Sos

to be scemedis
fusedto a

membrane-

locdizaion Figure 5: Principle of the SRS system. In cell s that expressa chimera of Sos-X (where X isa
signal. When targetprotein) along with a membrane- ocalized version of aprotein that interacts with X (cDNA),
thesehybrid the interaction between X and its partner reauits Sos to the plasma nembrane, resulting in Ras

. activation (56)
proteins ae @-
expressedn a
cdc252 yeast fain, the cdls only grow atthe nonpemissve temperature if the two fuson proteins
interad, dlowing the reauitment of hSos to the membrane. Mammalian Ras ca bypassthe requrement
for afunctional Ras (EF and represents a pedctable false psitive in this g/stem. In a seond
publication, the adhor proposedthat introdudion of amammalian GTPase aivating protein (NMGAP)
reduceghe amount of false psitives,thereby significantly enhancing the dficiency of the SRS gstem
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(56). RS may be the @
method of choicein

studying interadions

that involve m -
transcriptional m
adivators or

repres®rs, becauset is

not based on a
transaiptional readut.

In addtion, cetain

proteins may function

more physiologicaly

when expressedn the
cytoplasm rather than @
the nuclea milieu. For
example, the SRS "

should be nore suitable
for examining

interadions between
proteinsthat requre

modifi cation by

cytoplasmic or @

membrane-as®ciated 2
enzymes. m
USPS sysem e

The wiquitin-based
Split-protein sensor Figure 6: Principle underlying the ubiquiti n-based split- protein system (USPS) (A) A
system (USPS)is based Ub moiety bearing aninsertion (wavy red line) between its N-terminal (Np; pink) and C-
onthe faCt_that newly terminal (C,,; green) stbdomains is linked to areporter protein (Re; orange, yellow). The
formedfudons between insertion does not detedably interfere with the Ub folding, which is required for the in vivo
ubiquitin and proteins  cleavage ofthe fusion by Ub-spedfic proteases(UBPs;redlightning arrow), yielding the
are rajpdly cleaved by freereporter. (B) WhenN,;, and C,;, are co-expressed as sparate fragnments, with C,, still
ubiquitin-spedfic linked to the reporter, significant in vivo recnstitution is observed. (C) In vivo
proteasesn reconstitution of the Ub from its separate, co-expressed fragments does not occur with a
mutant N, fragment, denoted as Ny (D) Ny, supports reconstitution if the two Ub
eukayotes. fragments are linked to polypeptides P; and P, (red and blue, respectively) that interact in
vivo (58).

Indeed, potein fusons

containing ubiquitin, a 76-reglue $ngle-domain protein, are raplly cleavedin vivo by ubiquitin-spedfic
proteass (UBP) which reagnize the folded conformation of ubiquitin. When a Gterminal fragment of
ubiquitin (Cy) is expresse as a fuson to areporter protein, the fuson is deaved only if an N-terminal
fragment of ubiquitin (Ny) is dso epressedn the sane cdl. Thisremnstitution of native ubiquitin from
its fragments, deéedable by the in vivo cleavage assg is not obsaved with a mutationaly altered Nyp.
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However, if C;, and the dtered Ny are ead linked to polypegidesthat interactin vivo, the deavageof
the fuson containing G,y is restored, yielding a generally applicable assay for kinetic and equili brium
aspets of in vivo protein interac¢ions. This method was termed USPS wWich stands for ubiquitin-based
spit protein sensor (58).

To highe eukaryotes: Mammalian Two-hybrid

Here the gene of interestis clonedinto pM, where it is expressed as fuson with the GAL4 DNA-BD.
The seond geneis donedinto pVP16, whereit is expressed as fuson with VP16 AD. A third vedor,
pG5CAT, containsthe CAT reporter gane cownstream of a GAL4 respnsive UAS. Thesethree vedors
are otransfeded into a mammalian cdl line. Interadion between proteins X and Y is assged by
measuing CAT geane expresson by any ssandard method (e.g. ELISA). The system might be meaningful
to confirm interadions (59). An inverse mammalian two-hybrid system for seaetase was described (60).
To ddermine if a protease @

contained“secetaselike” adivity, @

a 20 anino-add deavage cassée ‘ b

for secetase (from amyloid

precurer protein “APP”) was
inserted into the GAL4 gene of S.
cerevisiae When this GAL4/APP
fusion construct is transiently
transfeded into 293 cés ad
indiredly assyed for @ its
functional capabilities through
chloramphenicol aceyltransferase
(CAT) transadivation, this potein
retained  functional adivity
confirming that no endogenous
segetase ativity was preseit and
that the fuson protein retained its
transadivation adivity. After
cotransfedion of cDNAs
encoding “APP” deaving
proteases, the ability of GAL4 to
transadivate the reporter CAT
gene wasindeed reduced (60).

DB

(18,

: (LR 5
Threehybrid sysgems

Several receit dudes probed Figure 7: Principle of the kinase tri-brid system. The protein target needs to
more _complex maaomoleallar pe phosphorylated (P)by a co-expressd kinase before interaction ocaurs.
interadions of at least three

partners.
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Kinase tlee-hybrid systerftri-brid)

This kinase three-hybrid system cdled tri-brid system can detect potein-protein interadions that deped
on post trandational modifi cations. Indead, one of the limitations of the original version of the two-
hybrid system has been the lack of some auda post-trandational modifications (sud as tyrosine
phosphorylation) which do not occur in Saccharomyces cerevisiakligher eukaryotic cdls utilize
tyrosine phosphorylation as a najor modification in signal transduction pathways in response to
extracdlular stimuli. Although S. cerevisiaedo possess dusspedficity kinases,to dae, no mono-
spedfic tyrosine kinases have been
descibed. This was selved by
introduction of a third component, a
cytosolic tyrosine kinase, vhich then
phosphorylated substrates in the yeast
cdl. In principle, it should be possble to
incorporate any posttrandational or
dlosteric regulation that is desred.
However, cae must be taken that the UAS )
posttrandational modifi cation is

corredly cariedout inside the yeast c#

(61).
Protein three-hybrid system

The protein threehybrid system LE
repesaits a natural extension of the

two-hybrid system in that dable (UAS,),
interaction of proteins X and Y may rely
on the presace of a third protein Z.

Protein Z e@ther medatesthe interadion
or induces a conformational change in A
one of the poteins (e.g. X) so that it 2
iac

promotes interadion with another DB

protein Y (62). Zhang usedthis g/stem

to deamonstrate the Gib2-medated UAS )

interacion of the cytoplasmic domain of

the epdema growth fador recepor Figure 8: Principle that forms the basis of all multi ple hybrid

with the Sos protein. systems that make use of three components at the UASs. The third
"hybrid" is colored in geen.

Receitly a variant of this g/stem was poposedby Tirode et al. (32). This g/stem usesboth LexA and

GAL4 plagnids and is basedon the addtion of a Me&25 promoter for the third paitner. This “third man”

Is donedon the sane dagnid that dread/ encodesthe GAL4 and LexA fuson protein. By doing this, a

seledion marker is saved. Transcription of the third protein is repressed upon addition of methionine in

the cuture medum, and provides & degait way to peform negdive wntrols (32). h order to adapt

7
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the two-hybrid system to the needsof caspases we disedin paallel our own three-hybrid system. This
system can be usedo qudy any hetero-dimeric target (Figure 9(68).

Studies wth extracdlular
domains of

transmembrane recepors
(10,11), have led to the
development of a pepide
ligand three-ybrid
system (63). In this
system, the extracdlular
domain of a
transmembrane recepor
is fused to the GAL4BD
and separately to the
GALA4AD. Expresson of
the native pepide ligand
for the receptor leads to
recepor dimerizaion via
peptide ligand binding
and resdts in a
transaiptional  reacdbut.
This was demonstrated
for both the growth
hormone recepor and
the recepor for vascuar
endothelial growth fador
flk1/KDR (63).

[UAS.), [UA5,],

(LA 5], [Ua s,

[ua s, [us s,
Peptice ligand and small
ligand three-hybrid Figure 9: Use of tiree-hybid to screenwith heteo-dimeric target. Here the target
system consists ofwo-fusion proteinyellow and greeh (68).

The small ligand variant is basedon the previoudy discussed ancept and exploits the use of a
heterodimer of covalently linked snall organic ligands, in this case deamethasone and FK506, as
induces of dimerization. Dexamethasone interads with a rat glucocorticoid recepor while FK506
interads with its binding protein, FKBP12. Yeast xpressng fuson proteins of the hormone binding
domain of the rat ducocorticoid recepor fusedto LexA and FKBP12 fusedto a transcriptional
adivation domain adivated reporter geles when plated on medum containing the dexamethasone-
FK506 heterodimer. The reprter gene adivation is completely abrogated in a cmpetitive manrer by
the presace of excessFK506. Snce snall ligand-recepor interadions wundedie many fundamental
processesa form the bags for pharmaalogicd intervention this s/stem might gan intered. However,
limitations of the assay include those of the two-hybrid system in general and in particular the question
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of how extensively transmembrane receptors function in yeas. Sncethis s/stem depedson diffuson of
the hybrid ligand into the yeast cdls, permeability problems nay also limit its general applicability (64).

RNA threehybrid system

The RNA threehybrid system requires two hybrid proteinsand one tybrid RNA. One part of the tybrid
RNA adsin a known interadion, whereasthe other pat can be usedo saeen for orphan RNA-binding
proteins. In this three-hybrid system, the DNA binding and transaiption adivation domains of the yeast
transaiptional adivator GAL4 are brought together via the interadion of recombinant fuson proteins
with arecombinant RNA. The method provides a gstem for sudying RNA-protein interadions with the
genetic adrantagesof the two-hybrid system. It may be usedo deect speific RNA-binding proteins or
target RNAs from alibrary of cDNAS, or to analyzethe gructural spedficity of identified RNA-protein
interadions. By use of this g/stem it was $own that when HIV-1 RerM10 is fusedto the GAL4DB it
tightly bindsto itstarget RNA, the Rev respnsive dement (RRE) (65). Other examples are the binding
of the iron regulatory protein R LA -Frebric

1 (IRP1)to the iron response
element (IRE), and of HIV
trans-adivator protein (Tat)
to the HIV trans-adivation
respnse dement (TAR)
RNA sequece (67). This
RNA threehybrid gystem
may have lroad application in
the identification of RNA-
binding proteins and RNAS,

as W?” & In. the deta_uled Figure 10: Reconstitution of LacZ transcription by a hylrid RNA moleaule.
analysis of their interadions | exa is fused to the MS2 coat protein to form hybrid protein 1. Hybrid protein 2
athough it is rot known how  consists of the GAL4AD linked to the RNA binding domain, Y, you wish to test. The
strong the RNA-protein has third hybrid consists of two MS2 RNA binding sites and the RNA sequence you wish

to bein order to be deteded. totest, RNAx.

MS2 R,

NEW APPLIC ATIONS OF
YEAST TWO-HY BRID

Introduction

During the past decadépgether with the esolution of the technique,new apgications becane apparet.
Apat from the molecdar dssetion of known interadions and the identification of new potential
interading partners, several new problems can now beassayed by use of two-hybrid based technology.
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I nteraction suppresson

Interadion suppesson is one of the few techniques aailable to evaluae the biologicd sgnificance of
an interadion between two proteins. This method makes &tensive useof the two-hybrid techniquein a
very original manner. In afirst gepone sceens for mutations that dfectbinding of atarget potein to its
patners (B). Once amutant version of the bait (A) isfound, one can study the influence of this mutation
on the phenotype. However, if one finds mutants of protein A that do not interact with protein B, one
cannot excludethat dsointeragion with an unknown protein C is &olished and acounts for the change
in phenotype. Therdore, in a seond gep one hasto look for binding suppress's, meaning that one
makes a mutant version of B that is able to interad with the mutated version of A and restores the
atered fenotype. This appoac wastaken to gudy the Ras/Rapahway (69-71).

ProteaseTrap

Here the ystem relies atirely on the nudearlocdization of the mnstructed fuson protein. A functional

transaiption fador is fusedto a domain preventing it from going to the nudeus.If an orphan protease
site is doned in between the transaiption fador and this domain, one can saeen a protea® which cuts

off the anti-nudear locdizaion domain enabling nudear locdization of the transaiption fador and

finally resuts in reporter gene transaiption. This appoach could dso be apfied to saeen for target
sequeces for a known proteaseby cloning random sequecesin between the two functional domains

(72). 1t should be noted that GAL4 may aso be dearedresuting in both unexpeded resuts axd novel

apgicdions (73).

Whole genane appoaches using the two-hylid system

One of the most spetacuar and ambitious appicaions mnsists of egablishing so-cdled protein linkage
mayps (PLM). Thesemaps onsist of al posshle protein interadions that occur duing the ettire lifespan
of a cdl. PLMs might provide new functions of well-studied poteins by identification of unexpeded
interadions, clarify crossconnedions between pahways, resut in new dugtarges and the
identifi cation of new functions and gain some nsight in the overall cdl complexity.

Initially random libraries fused to the DNA-binding domain and random adivation domain hybrids are
smply usedto saeen for al possble interadions. This appoach was apgied to the E. coli
baderiophageT7. The T7 genome of [40 ko, coding for [B5 pioteins was usedo gelerde the two
libraries, which were then transformed into yeast strains of opposite mating type. By doing this, a total
set of interadions wasidentified and termed a potein linkage map. What was intereding about this
appoad, apat from the biologicd implications of the interadions found, is that several positives were
interadions between agaceit domains of the sane polypegide. Thes interadions are presumably due
to the random fragmentation of protein-coding regons in the library construction, exposing interior
sufacesthat ae capale of finding their complementary sufaces, asnustoccur duing protein folding
77).

Although the genome of the yeast Saccharomyces cerevisiag completely sequenced and despite
succeskl genetic work, 60% of the yeast gaee have no asggned function and half of those encode
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putative pioteins without any homology with known proteins. By performing exhaugive two-hybrid
saeansthe yeast PLMis curently under @nstruction. For ead bait, a sdeded limited set of interading
preysis dassfiedin caegoriesof distinct heuristic values.From this classficaion, new baits are chosen
and usel in seond-round saeans. Repeling this rocedue several timeshasledto the daraderizaion
of anetwork of interagions (74).The appoadc taken for T7, usng 1 copy centromeric plagnid vedor,
showed that 4% of all constructs was dle to auo-adivate. Scéing upthis appoad to an organism like
yeast vith appioximately 7000 poteins beaomes not trivial snce, false wstives and negdives might
saioudy interfere with subsequet anayss. Therefore, insteadof usng random libraries asn the @ove
mentioned exhaustive cyclic screening procedure, a nore kabor intensive route istaken by performing a
“double-PCRin-vivo-cloning”- method in order to done every full length ORF in the correct readng
frame in both two-hybrid vedors. Usng robots and a mating procedue every possble interadion
couple, around 50 milion, can be assayed (66). Defining the biologicad relevance of identified
interadions will be the next rate-limiting step in dedaphering the moleaular medhanisms of biologicd
processes.
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