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ABSTRACT

The yeast two-hybrid system is a powerful experi-
mental approach for the characterization of protein/
protein interactions. A unique strength of the yeast
two-hybrid system is the provision for genetic selec-
tion techniques that enable the identification of spe-
cific protein/protein interactions. We now report the
development of a modified yeast two-hybrid system
which enables genetic selection against a specific
protein/protein interaction. This reverse two-hybrid
system utilizes a yeast strain which is resistant to

cycloheximide due to the presence of a mutant cyh2
gene. This strain also contains the wild-type CYH2

allele under the transcriptional control of the Gall
promoter. Expression of the wild-type Gal4 protein is
sufficient to restore growth sensitivity to cyclohexi-
mide. Growth sensitivity towards cycloheximide is
also restored by the coexpression of the avian c-Rel
protein and its | kKBa counterpart, p40, as Gal4 fusion
proteins. Restoration of growth sensitivity towards
cycloheximide requires the association of c-Rel and
p40 at the Gall promoter and correlates with the ability
of the c-Rel/p40 interaction to activate expression from
the Gall promoter. A genetic selection scheme against
specific protein/protein interactions may be a valuable
tool for the analysis of protein/protein interactions.

INTRODUCTION

The existence of two c-ReiBa complexes with distinct
functional and structural properties is supported by several lines of
evidence. First, the ankyrin repeat domairk@f is sufficient to
inhibit nuclear import of c-Rel, while both the ankyrin repeat
domain and the PEST domain wBb are required for inhibition
of DNA-binding by c-Rel {,2). Second, while the ankyrin repeat
domain of kBa is sufficient for association with the wild-type
c-Rel protein, both the ankyrin repeat domain and the PEST
domain of kBa are required for association with mutant c-Rel
proteins that are resistant to inhibition of DNA-binding kBd
(19,20). Therefore, it can be envisioned that the ankyrin repeat
domain is sufficient for the integrity of the cytoplasmic c-RBIA
complex, while both the ankyrin repeat domain and the PEST
domain are required for the integrity of the nuclear c-kidrl
complex. However, little is known regarding the specific amino
acid contacts that define each c-R@&t complex.

We have previously utilized the yeast two-hybrid system to
identify residues that are required for the formation of c-#&dr|
complexes containing either wild-type or mutant proteis. (
The yeast two-hybrid system is a potent tool for studying
protein/protein interactions; vivo (21-24). In a commonly
utilized version of theSaccharomyces cerevisia@o-hybrid
system 21), one of the proteins (A) is bound to the Gal4 enhancer
region of the Gall promoter via its fusion to the Gal4 binding
domain (Gal4BD), while the other protein (B) is fused to the Gal4
activation domain (Gal4AD, FidlA). Association of the two
fusion proteins (Gal4BD:A and Gal4AD:B) brings the activation
domain of Gal4 to the Gall promoter. Localization of the Gal4
activation domain to the Gall promoter can be used to activate the
expression of either a reporter gene suctaed or a gene
necessary for cell viability such H$S3(21,23).

The c-Rel protein is sequestered in the cytoplasm throughThe use of thiacZreporter gene in the two-hybrid system has

association with the inhibitor proteirkBa (1,2). Cytokine-

allowed for the development of assays for the identification of

induced phosphorylation okBa signals ubiquitin-mediated interacting proteins and for the identification of mutant proteins

degradation ofdBa and subsequent nuclear import of c-Relthat are unable to interact with their partner protéi-44).
(3-10). The nuclear c-Rel protein binds DNA and activate$iowever, biochemical assays facZ expression are relatively
expression of multiple target genes, including the gene encodimgensitive and can yield a high frequency of false positive clones.
IkBa (11-15). Newly synthesizedkBa is able to enter the To circumvent the high frequency of false positives when using
nucleus {6-18), and nuclear KBa has been suggested tothelacZ gene as a single reporter system, two-hybrid systems in
facilitate the displacement of c-Rel from DNA and mediatevhich the use of genes that are required for cell viability such as
export of the nuclear c-RatBBa complex to the cytoplasm HIS3were developed@). Such genetic selection schemes have
(16,18,19). The ability of kBa to associate with c-Rel in both the proven to be very effective in the identification of interacting
nucleus and the cytoplasm suggests that the nuclear gmiteins. However, these genetic selection schemes are not able
cytoplasmic c-ReldBa complexes may have distinct functional to identify mutant proteins that have lost the ability to associate
and structural properties. with their partner protein. Therefore, we asked if the standard
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two-hybrid system system could be reversed. That is, can a gensti@in from which CL9 was derived. Standard techniques were
system be developed in which there is a selection against tged for the selection @f/h2 yeast strains and transformation
association of two proteins? A genetic system which is capablemfoceduresis,26). To select for cycloheximide (CHX)-resistant
selecting against the association of two proteins might provideyaast straing,5 x 108 JC981 cells were plated on YPD (yeast
simple yet powerful approach towards screening pools of randongytract, peptone, dextrose) plates containinggltl CHX and
generated mutant proteins. Furthermore, such a genetic selectimubated at 30C. CHX-resistant colonies were obtained after
scheme, in conjunction with suitable yeast expression librarie€s,days. To ensure that the yeast strains were CHX resistant due to
might facilitate the identification of genes which encode proteirs mutation at th€YH2locus €yh2, the CHX-resistant yeast

that interfere with a particular protein/protein interaction. This hastrains were transformed with pRS328)(and were plated onto

led to the development of the reverse two-hybrid system. leucine-free synthetic dropout (SD) plates with and without
10 pg/ml CHX. pRS318 contains the wild typ&H2gene driven
MATERIALS AND METHODS by its endogenous promoter and restores CHX sensitivity when

expressed in mutanyh2yeast £5).
Plasmid construction

To construct pCL12, the Gall promoter was subcloned as egration of pCL25 into cyh2yeast strains
Sal-Sad fragment from pRY17127) into pRS304 Z8) which  The pCL25 plasmid, linearized at the unidliedIll site within
contains thdRP1selectable marker. The PCR priméelSEGC-  TRP1to facilitate integration of the plasmid into tip1-901
GCGCTTGTATGCCTTCCAGATTCACTAAGAC-3and 5GC-  locus, was transformed into ttyh2yeast strains. The transform-
GCGCGAGCTAAAAAACGGTCAAAATGGGTCATAG-3' ants were plated onto TRP-free SD plates. To ensure the stable
(introducing &5ad site, shown underlined) were used to amplify théntegration of pCL25, the strains were transferred to YPD plates
5" CYH2sequence from pRS318. The PCR product was subclonadd replica plated onto SD plates lacking tryptophan (TRP). The
into pCRII (Invitrogen) to construct pCL21. The PCR-derivedsurviving colonies were replica plated back onto YPD plates and
insert within pCL21 was sequenced to confirm that no PCRhen to TRP-free SD plates. The surviving colonies were also
introduced mutations were present. The sequence of the PGBplica plated onto SD plates lacking histidine (HIS), lacking
derivedCYH2 insert within pCL21 matched the published wildleucine (LEU), lacking uracil (URA), and containing 10 mg/ml
type CYH2 cDNA sequence from codons 1 to 3B).(The CHX to ensure that the correct phenotype had been maintained
remaining cDNA required to encode the33—-148 codons was throughout the manipulation of these strains.
subcloned into pCL21 as &lincll-Xbd fragment from
PAS1-CYH2 @2) to construct pCL23. THepeé-Sad fragment of  Analysis of c-Rel/p40 interactions
pCL23 was subcloned into pCL12 to construct pCL25. Restriction . . .
analysis confirmed that the pCL25 construct was correct. Association between c-Rel and p40 proteins was measured using
To construct the plasmid encoding Gal4AD:p40-TA, the PCRe standard two-hybrid system essentially as previously
primers 5TCCGAATTCGATACAGCAGTTTACAACAGC-3  described 19) with the following exceptions. Theyh2 yeast
and 5-CTGGAATTCATGGTTATAGCTTTGTAATAT-3' (intro- strains were transforr_ned with the indicated plasmids and 3% of
ducingEcd?_I sites as shown underlined) were used to amplify ihtbe transformation mixture was plated onto 'HIS—free, LEU-free
sequence encoding the residues from 540 to 598 of c-Rel frgiRd TRP-free SD plates that lacked or containgagsl CHX.
PER31 (9. The EcRI-digested PCR product was cloned into™O" analysis qB-gaIactogldase activity, the transformed yeast were
pGal4AD:p40 (9), vielding pGal4AD:p40-TA. The correct picked from plates lacking CHX into $0of 100 mM potassium
orientation of the insert and the absence of PCR-introduc@jOSPhate containing 0.2% Triton X-100, to which was added
mutations were confirmed by sequence analysis. To construct fheH! of 1 M dithiothreitol (DTT), 2.3l of 0.1% sodium dodecyl
plasmid encoding Gal4AD: TA-p40, the PCR priméf§GTCTC- sulfa}te (SDS) and 7;5 of chloroform. The yeast cells were lysed
GAGATACAGCAGTTTACAACAGC-3 and 5TCCTCGAGA- DY vigorous vortexing for 10 s. The chemiluminescent assay used
ATGGTTATAGCTTTGTAATAT-3' (introducing Xhd sites as to measure the relatlve_hght units produce(_j due to the association
shown underlined) were used to amplify the sequence encoding fjeR€! @nd p40 proteins has been previously describgd (
residues from 540 to 598 of c-Rel from pER31. Xhe-digested Pictures of the plates were taken 9 days following transformation.
PCR product was subcloned into pGal4AD:p40, vyieldin
pGal4AD:TA-p40. The correct orientation of the insert and th&RESULTS
ZEZE;;?: of PCR-introduced mutations were confirmed by SequUesEscription of the reverse two-hybrid system
All other plasmids have been previously descritied). (Al The protein encoded by tt&YH2 gene is responsible for the
proteins were expressed from the yeast ADH promoter on episorf@nsitivity of the yeast to cycloheximide (CHX). Mutation of
plasmids. ThedIS3 marker was used to select for the presence & YH2 can produce a CHX-resistacgh2 yeast strain. In the
the plasmids expressing the Gal4BD and all the wild-type ari@verse two-hybrid system described in this repayh2yeast
mutant Gal4BD:c-Rel proteins and tHEU2 marker was used to Strain containin@€YH2under the control of the Gall promoter is
select for the presence of the plasmids expressing the full-lengtfized. Because th€YH2 allele is dominant over theyh2
Gal4, Gal4AD, and all wild-type and mutant Gal4AD:p40 proteingllele, expression of theYH2gene product will confer CHX
sensitivity to a CHX-resistamtyh2 yeast strain45,30). Thus,
localization of Gal4AD to the Gall promoter through association
of the fusion proteins will activate transcription@YH2 and
TheS.cerevisiageast strain JC981 (gal4 gal80 his3 trp1-901 confer sensitivity to CHX. In FiguréB, the fusion proteins
ura3-52 URA3::Gall. lacZ leu2-3,112 cyh2vas the parental Gal4BD:c-Rel and Gal4AD:p40 are used as an example. Since

Selection forcyh2yeast strains
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Figure 2. Coexpression of c-Rel and p40 fusion proteins is required to
completely inhibit growth in the presence of cycloheximide. The Gal4 protein
alone and the indicated combinations of fusion proteins were expressed in the

Figure 1. Schematic representation of the standard two-hybrid system and theS-cerevisia€€HX-resistantyh2yeast strain CL9. Equivalent aliquots of the
reverse two-hybrid systemA) The standard Gald two-hybrid system is a uansformed yeast were plated in the absence and the presencegéis
genetic selection scheme that selects for the association of protein A fused t&HX- Cell lysates obtained from CL9 transformants grown on plates lacking
the DNA-binding domain of Gal4 (Gal4BD:A) and protein B fused to the CHX were assayed for levelsfbfjalactosidase activity by a chemiluminescent
activation domain of Gal4 (Gal4AD:B). Association of Gal4BD:A and 2SS@yP-galactosidase activity is expressed per microgram of protein of yeast
Gal4AD:B results in the localization of the Gal4 activation of domain to the !YS&te. The numbers shown are the average and standard deviations obtained

Gall promoter and in expressioi63 Survival of thénis3auxotrophicyeast ~ [1om three independent colonies that were assayed in parallel.
strain grown on histidine-deficient plates is dependent upon association of

Gal4BD:A and Gal4AD:B.B) The reverse Gal4 two-hybrid system is a genetic ; ~.PRal. ; ;
selection scheme that selects against the association of c-Rel fused to tht?EXpreSSIOn of Gal4BD:c-Rel-540 with Gal4AD and expression

DNA-binding domain of Gal4 (Gal4BD:c-Rel) and p40 fused to the activation Of Gal4BD with Gal4AD:p40 did not result in elevated levels of

domain of Gal4 (Gal4AD:p40). Association of Gal4BD:c-Rel and Gal4AD:p40 [B-galactosidase activity relative to expression of Gal4BD with

results in the localization of the Gal4 activation of domain to the Gall promoteiGal4AD. Expression of Gal4BD:c-Rel-540 with Gal4AD:p40

and in expression dfYH2 Survival of the CHX-resistamyh2yeast strain  yagylted in a significant elevation Bfgalactosidase activity,

%rgfgggi_ﬂaeﬁejn?g;mg:g 4'3( is dependent upon the lack of association Gf ;i expression of full-length Gal4 resulted in a further elevation
of B-galactosidase activity (Fig8 and 3). Therefore,lacZ

) . expression was dependent upon association of the
the only way for the yeast cell to survive when grown in thggal4BD:c-Rel-540 with Gal4AD:p40.

presence of CHX is through the absendg\dfi2expression, the
reverse two-hybrid system could provide a selection SCheme(tﬁ)mplete growth inhibition in the reverse two-hybrid

identify mutant proteins that are unable to associate. tem i t th ; f GaldAD p4
Yeast strain CL9 supports the reverse two hybrid system and VA eéna;zéjgie_g(é?n upon the expression of Ga P40

developed as described in the Materials and Methods section. To

demonstrate that fusion proteins associate in CL9 as in anotiery combination of two-hybrid fusion proteins expressed in CL9
yeast strain that we have previously used, the c-Rel and p40 fusiesulted in equivalent numbers and sizes of colonies in the
proteins were expressed in yeast strain CL9. We have previoualysence of CHX (Fig3 3, 4 and5). To determine if the presence
shown that high levels @3-galactosidase activity are detectedof CHX affected colony growth, CL9 was cotransformed with a
when full-length Gal4BD:c-Rel is expressed with Gal4AD in theplasmid expressing Gal4BD and a plasmid expressing Gal4AD.
GGY:171 strain, presumably due to the ability of the C-termindtquivalent aliquots of the transformed yeast were plated in the
transactivation domain of c-Rel to activate transcriptiola@®  presence and in the absence of CHX. The presence of CHX did
(19,31-34). However, activation oflacZ expression by not affect the number of transformants that were obtained, but the
Gal4BD:c-Rel-540, which lacks the C-terminal transactivatiomverall sizes of the colonies were smaller (Rig3 4 and5).

domain of c-Rel, requires coexpression with Gal4AD:p4). ( To determine if the expression of full-length Gal4 was
Therefore, we wanted to demonstrate that coexpression ffficient to confer complete sensitivity to CHX, a plasmid
Gal4BD:c-Rel-540 with Gal4AD:p40 was necessary to activatencoding the full-length Gal4 protein was transfected into CL9
expression ofacZ in the seven JC981-derivegh2strains. and equivalent aliquots of the transformed yeast were plated in the
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Figure 3. The C-terminal transactivation domain of c-Rel is required for growth inhibition. The indicated combinations of proteins were expr&settiidiae
CHX-resistantyh2yeast strain CL9. Equivalent aliquots of the transformed yeast were plated in the absence and the presgindeiX5Cell lysates obtained

from CL9 transformants grown on plates lacking CHX were assayed for lefetmtsfctosidase activity by a chemiluminescent afsgglactosidase activity is
expressed per microgram of protein of yeast lysate. The numbers shown are the average and standard deviations obtained from three independent colonies tt
assayed in parallel. The results here and in Figure 4 were obtained from the same experiment.

Proimne Temat Transforments ri*lﬁ‘_ﬂl'ﬂmn Next we wanted to determine if CHX sensitivity could be
i JCHX] 38 ugimi el L gL conferred only as the result of the coexpression of Gal4BD:c-Rel
with Gal4AD:p40. We first needed to determine if the expression

BMDC-c-Au i of either Gal4BD:c-Rel or Gal4AD:p40 alone would confer
GaHAD p0 sensitivity to CHX. Therefore, Gal4BD was expressed with

Gal4AD:p40 in the yeast strain CL9. Expression of Gal4BD with
Capt il o-Hel

+

A ek (Fig. 2). Next, Gal4BD:c-Rel was expressed with Gal4AD in

CL9. Expression of Gal4BD:c-Rel with Gal4AD in the presence
of CHX resulted in partial inhibition of cell growth as determined
by a significant reduction in colony size as compared with the size

Gal4AD:p40 in the presence of CHX did not confer sensitivity to
. ik CHX as compared with coexpression of Gal4BD with Gal4AD
[

s 1180 1+0- 230 of colonies observed when Gal4BD is expressed with Gal4AD.
GalAD In contrast, expression of Gal4BD:c-Rel with Gal4AD:p40 in
: CL9 conferred complete sensitivity to CHX. Therefore, complete
growth inhibition is dependent upon the expression of both the
GeMBED Gal4BD:c-Rel and the Gal4AD:p40 fusion proteins.
* B2 e A1) We next determined whether the manifestation of the CHX-
i sensitive phenotype in the reverse two-hybrid system correlated
with B-galactosidase activity. Consistent with previous data

obtained in the strain GGY:1719), expression of Gal4BD with
Figure 4. The ankyrin repeat domain of p40 is required for growth inhibition. GaI4AD:p4O ,dld not reS.UH In elevatﬁegalgctosmase activity
The indicated combinations of proteins were expressed iS.teevisiae ~ compared with expression of Gal4BD with Gal4AD (RY.
CHX-resistantyh2yeast strain CL9. Equivalent aliquots of the transformed Expression of Gal4BD:c-Rel with Gal4AD resulted in a
yeast were plated in the absence and the presencegif@®HX. Cell lysates 000-fold increase iB-galactosidase activity, reflecting the

obtained from CL9 transformants grown on plates lacking CHX were assaye P . L b . _
for levels of3-galactosidase activity by a chemiluminescent aBsgglactosi- otent transactivation domain within the C-terminus of c-Rel

dase activity is expressed per microgram of protein of yeast lysate. The numbet$ 1-34). Coexpression of Gal4BD:c-Rel with Gal4AD:p40
shown are the average and standard deviations obtained from three independeesulted in a further increase frgalactosidase activity, to
colonies that were assayed in parallel. (111 000-fold greater than that obtained from coexpression of
Gal4BD with Gal4AD. Expression of the full-length Gal4 protein
alone resulted in a 15 000-fold increade-galactosidase activity
presence and in the absence of CHX. Expression of the full-length compared with coexpression of Gal4BD with Gal4AD. Thus,
Gal4 protein was able to completely inhibit growth on platethe ability of the full-length Gal4 protein or various combinations
containing CHX (Fig2). Therefore, expression of the full-length of Gal4 fusion proteins to increagegalactosidase activity
Gal4 protein was able to confer complete sensitivity to CHX. correlated with the extent to which the proteins conferred
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Pratsira feapt Transtomants p-goinciooidaoe sensitivity to CHX. Rather, only a slight reduction in colony size
o [CHK] 28 pgimi il ik By as compared with coexpression of GaldBD and Gal4AD was
S obse_rved (Fig4). Therefore, the a_lr_\k_yrin repeat domain of p40 is
iy 98 e 20 required to confer complete sensitivity to CHX when Gal4AD:p40
GaldADpdS and Gal4BD:c-Rel are coexpressed.
Next, we determined if reduced sensitivity to CHX correlated
with reduced levels of-galactosidase activity. Expression of
Gl -Fal 40 _ Gal4AD:p40ANT70 or Gal4AD:p40-300 with Gal4BD:c-Rel in
- e aTn CL9 resulted in levels op-galactosidase activity that were
equivalent to coexpression of Gal4AD:p40 with Gal4BD:c-Rel
(data not shown). However, expression of Gal4AD Ahdok
with Gal4BD:c-Rel resulted in a level@fgalactosidase activity
W‘“"‘f—“"“ that was[2% of the level of3-galactosidase activity detected
CoabhAC TA-pi AT B when Gal4BD:cRel was expressed with wild-type Gal4AD:p40
(Fig. 4). Thus, the level oB-galactosidase activity and CHX
sensitivity correlated with the Gal4AD:p40 mutants that were
tested. The inability of Gal4AD:p4Bank to confer sensitivity to
G':B” 3 (e 008 CHX when coexpressed with Gal4BD:c-Rel suggests that the
GaldAD reverse two-hybrid system is able to detect mutant proteins that
are unable to associate with their partner protein.

Figure 5. Localization of the C-terminal transactivation domain of c-Rel to the The C-terminal transactivation domain of c-Rel is

Gall promotem transcan confer growth inhibition. The indicated combina- necessary for complete growth inhibition in the reverse
tions of proteins were expressed in $heerevisia€€HX-resistantyh2yeast two—hybrid system
strain CL9. Equivalent aliquots of the transformed yeast were plated in the

absence and the presence ofigfml CHX. Cel lysates obtained ffom CL9 - To determine which domains of Gal4BD:c-Rel were necessary to
transformants grown on plates lacking were assayed for levels o P d
B-galactosidase activity by a chemiluminescent afsgglactosidase activity confer complete sensitivity to CHX when coexpressed with

is expressed per microgram of protein of yeast lysate. The numbers shown af@@l4AD:p40, truncated Gal4BD:c-Rel fusion proteins were
the average and standard deviations obtained from three independent coloniexpressed with Gal4AD:p40 in strain CL9. Gal4AD:p40 was
that were assayed in_ parallel. The results here and in Figure 2 were obtaingkpressed with Gal4BD:c-Rel-540 and with c-Rel truncated at
from the same experiment. residue 355 (Gal4BD:c-Rel-355; F&).in the CL9 yeast strain.

Figure 3 shows that expression of Gal4BD:c-Rel-540 with
sensitivity to CHX. In particularalthough expression of full-  Gal4AD:p40 was not inhibitory towards growth of CL9 on plates
length Gal4BD:c-Rel with Gal4AD was able to confer partial CHXcontaining CHX and that further truncation of the Gal4BD:c-Rel
sensitivity, complete inhibition of cell growth was dependent upoprotein to residue 355 slightly increased the size of the viable
the expression of Gal4BD:c-Rel with Gal4AD:p40. That completeolonies. Thus, the C-terminal transactivation domain of c-Rel is
inhibition of cell growth was dependent upon the coexpression @quired for complete growth inhibition in the reverse two-hybrid
Gal4BD:c-Rel with Gal4AD:p40 suggested that association &fystem.

c-Rel and p40 was required to confer sensitivity to CHX. Truncated Gal4BD:c-Rel proteins expressed with Gal4AD:p40
were assayed f@-galactosidase activity as shown in FigBre

The reverse two-hybrid system can select against p40 Truncation of Gal4BD:c-Rel to amino acid 540 resulted in a

proteins that contain an intact ankyrin repeat domain decrease iff-galactosidase activity t@3.9% of the3-galactosi-

. . i ) _ dase activity detected when full-length Gal4BD:c-Rel was
Three domains within p40 have been defined: (i) an N-terminghyressed with GaldAD:p40. Truncation of Gal4BD:c-Rel to
domain that is responsible for cytokine-dependent phosphorylatigiing acid 355 resulted in a reductiofafalactosidase activity
and degradation of p48<10); (ii) a central ankyrin repeat domain o [ 359%. Therefore, the level @-galactosidase activity
that is required for association with and cytoplasmic retention @fyrrejated with the extent of sensitivity to CHX when truncated

c-Rel (,2,19); and (i) a C-terminal PEST domain that is Gal4BD:c-Rel proteins were expressed with Gal4AD:p40.
specifically required for inhibition of DNA-bindingl,Q). To

determine which domains of Gal4AD:p40 were necessary 19
confer complete sensitivity to CHX when coexpressed wit
Gal4BD:c-Rel, the CL9 yeast strain was cotransformed with
plasmid that expressed full-length Gal4BD:c-Rel and with plasmi
that expressed various GaldAD:p40 mutants. Expression Afthough expression of full-length GaldBD:c-Rel with
Gal4BD:c-Rel with either a Gal4AD:p40 fusion protein containingsal4AD:p40 resulted in complete growth inhibition in the
a 70 amino acid (aa) N-terminal truncation (Gal4AD:pR¥0,  presence of CHX, expression of full-length Gal4BD:c-Rel with
Fig. 6) or with a Gal4AD:p40 fusion protein containing an 18 a&al4AD resulted in only partial inhibition of growth in the
C-terminal truncation (Gal4AD:p40-300, Fi@) resulted in presence of CHX. As expression of Gal4BD:c-Rel-540 with
complete sensitivity to CHX (data not shown). Gal4AD did not confer significant sensitivity to CHX (presuma-
Expression of Gal4BD:c-Rel with a Gal4AD:p40 fusion proteirbly due to removal of the potent C-terminal transactivation
containing an internal deletion that removed a portion of its ankyradomain of c-Rel), we desired to manipulate the reverse two-hybrid
repeat domain (Gal4AD:p4Bank, Fig6) did not confer complete system such that Gal4BD:c-Rel-540 could be used as the ‘bait’

calization of the C-terminal transactivation domain
Iaf c-Rel to the Gall promoter increases CHX sensitivity
d@ the reverse two-hybrid system
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Figure 6. The Gal4, wild-type and mutant c-Rel, and wild-type and mutant p40 proteins. The full-length Gal4 protein is diagramed at the top. The Gal4 DNA-bindi
domain, Gal4BD () and the Gal4 activation domain, Gal4AD ( ), are shown directly below full-length Gal4. The full-length and truncated c-Rel proteins we
expressed as fusion proteins with Gal4BD and are diagramed directly beneath Gal4BD. The c-Rel protein contains an N-terminal Rel Homology Domain ()
a potent C-terminal transactivation domain (). The wild-type and mutant p40 proteins were expressed as fusion proteins with Gal4AD and are diagramed dir
beneath Gal4AD. The p40 protein contains an N-terminal regulatory domain (), a central ankyrin repeat domain (), and a C-terminal PEST domain (

protein. However, expression of Gal4dBD:c-Rel-540 withcoexpression of Gal4BD:c-Rel-540 with Gal4AD:p40 (Eig.
GaldAD:p40 was not sufficient to confer complete CHXFurthermore, coexpression of Gal4BD:c-Rel-540 with
sensitivity. To enhance the manifestation of the CHX-sensitiveal4AD:TA-p40 resulted in aril2-fold increase if-galactosidase
phenotype when GaldBD:c-Rel-540 was expressed withctivity as compared with coexpression of Gal4BD:c-Rel-540
Gal4AD:p40, the C-terminal transactivation domain of c-Rel wawith Gal4AD:p40 (Fig5). The level of3-galactosidase activity
fused to Gal4AD:p40. The C-terminal transactivation domain afbtained from coexpression of Gal4BD:c-Rel-540 with
full-length c-Rel was fused to Gal4AD:p40 either at theGal4AD:TA-p40 was approximately half that obtained from
C-terminus of p40 (Gal4AD:p40-TA, Fig) or at the N terminus coexpression of full-length Gal4BD:c-Rel with Gal4AD:p40
of p40 (Gal4AD:TA-p40; Fig6) in the expectation that the (Fig. 5). Therefore, the C-terminal transactivation domain of
addition of the c-Rel transactivation domain to the Gal4AD:p4Gal4BD:c-Rel fused to the N-terminus of p40 enhances the
fusion proteins would increase transcription @fH2 upon  manifestation of the CHX-sensitive phenotype in the reverse
association with Gal4BD:c-Rel-540. two-hybrid system, presumably due to increased transcription of
Coexpression of Gal4BD with either the Gal4AD:p40-TA orCYH2from the Gall promoter.
the Gal4AD:TA-p40 fusion protein had no effect on either CHX
sensitivity or onf-galactosidase activity (data not shown).
Coexpression of Gal4BD:c-Rel-540 with Gal4AD:p40-TA didDISCUSSION
not markedly increase growth inhibition in the presence of CHX
as compared with coexpression of Gal4BD:c-Rel-540 withve have developed the reverse two-hybrid system as a genetic
Gal4AD:p40 (Fig.5). Expression of Gal4BD:c-Rel-540 with scheme to select against protein/protein interactions. The reverse
Gal4AD:p40-TA resulted in levels pfgalactosidase activity that two-hybrid system takes advantage of the ability dBtberevisiae
were [B-fold greater than the levels Bfgalactosidase activity wild-type CYH2gene product to confer sensitivity to cyclohexi-
that resulted from the expression of Gal4BD:c-Rel-540 witinide in a dominant manner over the mutykt2 gene product
Gal4AD:p40. Howevel-galactosidase activity obtained from which confers resistance to cycloheximidg0)( The Gall
coexpression of Gal4BD:c-Rel-540 with Gal4AD:p40-TA waspromoter was utilized to drive expression of@H2gene, such
still approximately one-tenth that @¥galactosidase activity that transcriptional activation of the Gall promoter by the
obtained from coexpression of Gal4BD:c-Rel with Gal4AD:p40full-length Gal4 protein resulted in restoration of complete
Therefore, fusion of the C-terminal transactivation domain afycloheximide sensitivity. Complete CHX sensitivity in a CHX-
Gal4BD:c-Rel to Gal4AD:p40 at the C-terminus of p40 was naksistantyh2yeast strain was also conferred when the wild-type
sufficient to enhance the manifestation of the CHX-sensitiv€al4BD:c-Rel fusion protein was coexpressed with the wild-type
phenotype and Gall promoter-dependent gene expression. Gal4AD:p40 fusion protein. Expression of a mutant p40 protein in
Coexpression of Gal4BD:c-Rel-540 with Gal4dAD:TA-p40the reverse two-hybrid system that was unable to associate with
resulted in nearly complete sensitivity to CHX as compared wittrRel did not confer sensitivity to CHX. Therefore, the reverse
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