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ABSTRACT 
The  twehybrid system is a powerful technique  for  detecting protein-protein  interactions that utilizes 

the well-developed molecular  genetics of the yeast Saccharomyces cermisiae. However, the full potential of 
this technique has not  been realized due to limitations imposed by the  components available for use in 
the system. These limitations include unwieldy plasmid vectors, incomplete or poorly designed two- 
hybrid libraries, and host  strains that result in the selection of large numbers of false positives. We have 
used a novel multienzyme approach to generate a  set of highly representative  genomic  libraries from 
S. cermisiae. In  addition, a unique host  strain was created that contains three easily  assayed reporter 
genes,  each under  the  control of a  different  inducible promoter. This  host  strain is extremely sensitive 
to weak interactions and eliminates nearly all false positives using simple plate assays. Improved vectors 
were also constructed  that simplify the construction of the  gene fusions necessary for  the two-hybrid 
system. Our analysis indicates that  the libraries and host  strain  provide significant improvements  in both 
the  number of interacting  clones  identified and  the efficiency of  two-hybrid selections. 

I N  the few years since its introduction (FIELDS and 
SONG 1989; CHIEN et al. 1991),  the two-hybrid  system 

has proven invaluable for  identifjmg interactions be- 
tween proteins.  It has been used to establish  physical 
interactions between genetically identified partners 
(JACKSON et al. 1993), identify contacts among  the sub- 
units of multiprotein complexes (LALO et al. 1993; 
BROWN et al. 1994),  and to map  the specific domains 
within proteins responsible for an  interaction  (LEE 
1987; KALPANA and GOFF 1993;  TAKACS et al. 1993). 
Most importantly, the two-hybrid  system  has  allowed the 
identification of  new interacting  proteins by screening 
expression libraries (HANNON et al. 1993;  VOJTEK et al. 
1993). The two-hybrid  system  utilizes two plasmid-borne 
gene fusions that  are cotransformed into  a host yeast 
strain containing  inducible  reporter genes. The protein 
of interest, or  “bait”, is encoded as a  gene fusion to a 
DNA binding  domain from either  the GAL4 or L e d  
protein. A second  protein, or a library of proteins, is 
encoded as a  gene fusion to a transcription activation 
domain.  Interaction between the two proteins results 
in the localization of the transcription activation do- 
main to the DNA  of the host strain, activating transcrip- 
tion of the  adjacent  reporter genes and  generating  a 
phenotypic signal. 

The recent completion of the  sequence of the Sac- 
charomyces cermisiae genome has demonstrated  that 
-50% of  yeast genes have no known function and bear 
no homology to known genes (JOHNSTON et al. 1994; 
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KOONIN et al. 1994;  GALIBERT et al. 1996).  Identifjmg 
the functions of these genes is likely to enhance  our 
understanding of  many  biological  systems, as recent ex- 
amples of interspecies similarities such as MECl/ATM 
(SANCHEZ et al. 1996) have  shown. The fact that these 
genes have not been previously identified despite inten- 
sive study of yeast  biology  suggests that many are likely 
to be resistant to standard genetic and molecular ap- 
proaches. We expect the two-hybrid  system to take on 
increasing importance in elucidating the roles of these 
proteins. However, a variety  of problems have limited 
the usefulness  of the two-hybrid  system, particularly for 
yeast gene analysis.  Primary among these are two-hybrid 
expression libraries that provide poor  representation 
of the  genome as a whole, and two-hybrid host strains 
that  produce  a very high background of  false  positives 
and often require  the  addition of drugs  that compro- 
mise their sensitivity to weak interactions. 

There  are  a  number of characteristics that  are re- 
quired in a high quality,  highly representative two-hy- 
brid library. The domain responsible for an interaction 
may occur anywhere  within a  protein, and many  fusions 
to protein fragments may be nonfunctional due to 
problems with folding or stability. Therefore  a  compre- 
hensive  two-hybrid library must be of sufficient com- 
plexity not only to represent each gene,  but to provide 
as many different fusion endpoints within each gene 
as possible. The library must  also include fusions that 
encode  the  amino  terminus of as  many proteins as  possi- 
ble; this is the most  difficult region to represent ade- 
quately. In addition, inserts should be kept to the mini- 
mum size required to produce  a complete library and 
allow the expression of sufficiently large protein frag- 
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ments. Larger insert sizes used do not increase the  num- 
ber of protein fusion endpoints in the library, but do 
significantly increase the  number of  false  positives, due 
to overexpression of extraneous genes present on the 
fragment (BARTEL et al. 199313). 

Existing  yeast genomic two-hybrid libraries have been 
constructed using partial digestion by Sa&AI (CHIEN 
et al. 1991; Clontech) and large insert sizes (up to 6 
kb) . There  are  a limited number of Sa&AI sites present 
in the  genome, and the gaps between them can be 
large. As a result the  amino termini of most proteins 
will not  be  represented in these libraries, and many 
proteins will be completely absent. Restriction site  cut- 
ting biases and imperfect partial digestions will exacer- 
bate these problems. A yeast cDNA two-hybrid library 
has  also been  constructed (S. ELLEDGE, personal com- 
munication). However,  while  necessary in organisms 
with large genomes, cDNA libraries suffer from the 
problem of  low or absent  representation of  poorly or 
conditionally expressed proteins  and may be no better 
at  representing  the  amino termini of proteins, particu- 
larly large proteins or those with stop codons immedi- 
ately upstream of their ATG. Also, fusions to complete 
proteins or large fragments may not identify interac- 
tions as  effectively  as fusions to smaller protein frag- 
ments. 

Successful two hybrid selections require  a host yeast 
strain that contains inducible promoter elements fused 
to reporter genes, providing a detectable response to 
protein-protein interactions. A good two-hybrid host 
strain should be extremely sensitive to small changes in 
reporter activity to detect weak or transient interactions, 
yet provide a very  low background of  false  positives. 
Some existing strains such as Y153 (DURFEE et al. 1993) 
and Y190 (S. ELLEDGE, personal communication) utilize 
a lacZ reporter  that is sensitive but does not provide a 
selection mechanism, and a HIS3 reporter  that is sensi- 
tive but very  leaky. This leakiness can be  reduced by 
the  addition of the  drug 3-aminotriazole to the media 
(DURFEE et al. 1993),  but in the high concentrations 
required for most host strains 3-aminotriazole severely 
inhibits true positives, reducing  the sensitivity  of the 
system (our unpublished  results).  Other strains such as 
L40 (VOJTEK et al. 1993) and HF7c (FEILOTTER et al. 
1994) use HIS3 alleles that do not  require 3-aminotri- 
azole, while EGY48 (GYURIS et al. 1993) uses a LEU2 
reporter. However  all of these reporters also produce 
a very large number of  false  positives. In  addition, all 
existing strains use a single promoter  element,  either 
the GAL1 UAS or L e d  operator, to drive each reporter 
gene. This increases background, because many  false 
positives are specific to the  promoter  element (BARTEL 
et al. 1993a,b). 

We report  here  the construction of highly representa- 
tive yeast genomic libraries and a host yeast strain that 
is extremely sensitive and yet eliminates nearly all  false 
positives. To generate two-hybrid libraries with in- 

creased complexity we have developed a novel ap- 
proach  that utilizes multiple restriction enzymes to 
partially digest genomic DNA. An examination of re- 
striction enzymes  with 4bp  recognition sequences re- 
vealed five enzymes ( A d ,  HinPlI, MueII, MspI, and 
TaqI) that  produce identical 5‘-CG3‘ overhangs follow- 
ing cleavage. Fragments digested with these enzymes 
are compatible for ligation into vectors digested with 
ClaI, which produces the same overhang. We took ad- 
vantage of these compatible enzymes to generate  a new 
set of  yeast genomic two-hybrid libraries, resulting in a 
3.4fold increase in the  number of fusion endpoints 
available compared to Sau3AI libraries and  a dramatic 
increase in the  representation of amino terminal ends. 
In  addition,  the host strain PJ69-4A  was created con- 
taining three different reporter genes, each driven by 
a  different  promoter, to reduce  the  incidence of false 
positives. One  reporter in particular, GALZ-ALIE2, dis- 
plays excellent sensitivity and extremely low back- 
ground, making it ideal for two-hybrid selection. These 
new libraries and host strain, as  well  as  new expression 
vectors reported  here, will greatly increase both  the 
ease and success  of  two-hybrid studies for yeast  as  well 
as other organisms. 

MATERIALS  AND METHODS 

Bacterial strains and media: Escherichia coli strains used 
were RRl {F- A(gibt$roA)62 leuB6 supE44 ara-14 galK2 lacy1 
A(mcrC-mn-) @sL20(Strr) xyl-5 mtl-l), DHlOB {F- mcrA A ( m w  
hsdRMS-mcrBC) $80lacZAM15  AlacX74 deoR  recAl endAl 
urd139  A(ara,  leu)7697galUgalK A- rpsL nupQ(Gibco BRL), 
and JM110 {F’ traD36 lacPA(1acZ)MIS poA+ B+/rpsL(Str‘) thr 
leu thi lacy galK galT ara jhwi dam dcm supE44 A(lac-proAB)). 
LB,  TB,  M9, and SOC media were prepared as described 
(AUSEBEL et al. 1989) and  supplemented with 100 pg/ml am- 
picillin, except  where noted. Rescue of the leuB6 mutation 
in RR1  by the yeast LEU2 gene was assayed on M9 media 
supplemented with 0.02% proline. 

Yeast strains, transformations, and media: Yeast strains 
used are shown in Table 1. Media was prepared as described 
(ROSE et al. 1990). All yeast transformations were done using 
the high efficiency LAC  method of GIETZ and SCHIEsTL 
(1995);  for library transformations the protocol was scaled up 
five- to 30-fold. 

DNA sequencing: All sequencing was done using the 
method of SANCER (1977).  The  primer 5’”ITCGATGATGAA- 
GATACC-3’  was used to  sequence  the amino-terminal end of 
fusions in the pGAD series of activation domain vectors. The 
primer 5’ -AAGAGAGTAGTAAC3’  was used to se- 
quence  the amino-terminal end of fusions in the pCBD and 
pGBDU series of DNA binding  domain vectors. The 3’ ends 
of these  primers are located 25 and 27 bp upstream of the 
EcoRI site, respectively. The carboxyl-terminal end of fusions 
in either pGAD,  pGBD, or pGBDU vectors were all sequenced 
using the same primer, 5’-TGAAGTGAACTTGCGGGG3‘, 
which is located 22 bp from the BglrI site. 

Construction of two hybrid expression  vectors: To gener- 
ate two-hybrid libraries using a  set of five different restriction 
enzymes, we needed transcription activation domain vectors 
with a unique ClaI site in the polylinker. The oligonucleotide 
primers (1) 5’-TGCTTTCGAAGCTCCCCHACAGGTGTCCC- 
3’ and  (2) 5’-TTAAGAATTCCCCGGGGGATCCATCGATGT- 
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TABLE 1 

Yeast strains used in this study 

1427 

Strain Genotype Source 

YM706 MATa ga14-542 ura3-52  his3-200  ade2-101  lys2-801 tql-901 tyrl-501 M. JOHNSTON 
DGY63::171 MATa ade2 trpl-901 bu2-3,112 his3-200  ga14A  ga18OA  URA3::bxA-lacZ D. GIETZ 
HF7c h4ATa ura3-52  his3-200  ade2-101  lys2-801 trpl-901 leu2-3,112  ga14-542  ga180-538 FEILOTTER et al. (1994) 

PJ69-4A MATa trpl-901 leu2-3,112  ura3-52 his3-200 ga14A  ga18OA  LYSZ::GALl-HIS3 This study 
LYS2::GALluArGALlTATA-HIS3 URA3::GAL4,7mPn(xpl-CYClTA-l.,-lacZ 

GAL2-ADE2  metZ::GAL7-lacZ 

CGACCTGCAGAGATC-3' were used to amplify a 1666-bp 
fragment  from the vector pGAD424  (BARTEL et al. 1993a). 
Primer  1  contains  a BstBI site (underlined)  in place of the 
ClaI restriction site in the LEU2 gene of  pGAD424. Primer 2 
introduces two single-bp insertions and a ClaI site into  the 
pGAD424 polylinker (underlined). These  changes were incor- 
porated into pGAD424 in two steps. First the PCR product 
was digested with  BstBI/AflII and  the  194bp fragment was 
ligated into pGAD424 digested with  ClaI/AflI. Next the re- 
sulting plasmid and  the PCR product were both digested by 
AflII/EcoRI, AflI/SmaI, or AflII/BamHI and each -1.5-kb 
PCR fragment was subcloned into the  appropriately digested 
vector. The CluI site in  the LEU2 gene of the resulting plas- 
mids was destroyed and a new  CtaI site was introduced  into 
the polylinker. We verified that each plasmid is still able to 
rescue both  a bu2 mutation in yeast and  the buB6 mutation 
in E. coli. Cloning with  BamHI, SmaI, or EcoRI also incorpo- 
rated  zero, one,  or two single base insertions, respectively, 
into the polylinker. The resulting plasmids, pGAD-Cl, pGAD- 
C2, and pGAD-C3 (Figure l ) ,  contain  unique ClaI sites in 
their polylinker regions, each in a  different  reading  frame. 
The DNA sequence across each polylinker region was verified 
by sequencing. 

To  generate DNA binding domain vectors that  contain  the 
same polylinker regions as the activation domain plasmids 
just described, pGAD-Cl,  pGAD-C2, and pGAD-C3 were di- 
gested with  EcoRI/SphI and  the 595-bp fragment from each 
was included in a  triple ligation with the 2996bp AatII/SphI 
and 2298-bp  AatII/EcoRI fragments of pGBT9  (BARTEL et al. 
1993a). The polylinker and transcription  termination regions 
of  pGBT9 are thus replaced by the  corresponding regions of 
the pGAD vectors, yielding pCBD-Cl, pGBD-C2, and pGBD- 
C3 (Figure 1 ) . 

To  generate DNA binding domain vectors marked by the 
URA3 gene, we first destroyed the PstI site in  the  promoter 
of URA3 so that  the polylinker PstI site would remain  unique. 
The URA3 gene was digested with  PstI, blunted with T4 DNA 
polymerase, and religated. Vectors pGBD-Cl, pGBD-C2, and 
pGBD-C3 were digested to  completion with  PuuII and partially 
digested by  SphI, and  the 4882-bp fragment of each was  recov- 
ered.  The PstI-deleted URA3 gene was recovered as a 1.1-kb 
SphI/SmaI fragment  and ligated together with each vector 
fragment. The resulting vectors are pGBDU-C1,  pGBDU-C2, 
and pGBDU-C3 (Figure 1). 

Preparation of yeast  genomic DNA: Genomic DNA  was 
prepared from the Saccharomyces  cermisiae strain YM706. A 2- 
liter  culture grown in YPD  was harvested by centrifugation at 
ODBoo 1.6, washed once in 500 ml ddHzO,  and resuspended 
in 30 ml  of 1 M sorbitol, 0.1 M EDTA.  Zymolyase 20T (ICN 
Pharmaceuticals) was added to  5  mg/ml and incubated  1 
hr  at room temperature.  The spheroplasts were collected by 
centrifugation,  resuspended in 40 ml lysis buffer (HOFFMAN 
and WINSTON 1987),  and split into two 50-ml Falcon tubes. 
Twenty milliliters PC1 (pheno1:chloroform:isoamyl alchohol, 
25:24:1) and 6 ml acid-washed glass beads (0.45-0.55 mm) 

were added to  each tube,  and the mixtures were vortexed at 
top  speed  for  5 min. The supernatants were recovered and 
pooled,  reextracted three times with  20  ml  PCI, and precipi- 
tated with 2 volumes ethanol.  The pellet was resuspended in 
20 ml 1 X  TE (10 mM Tris pH 8.0, 1 mM EDTA pH 8.0) and 
RNase A was added to 50 pg/ml. After 1 hr  at 37" the DNA 
was extracted three more times with  20  ml  PC1 to achieve 
a clear interface and was precipitated with  0.6 volumes of 
isopropanol. The pellet was resuspended in 5 ml HzO, and 1 
m15 M NaCl and 6 ml l3% PEG 8000 were added.  The DNA 
was precipitated  4 hr  on ice and  spun 10 min at 10,000 rpm 
in a SS34  rotor (Sorvall). The pellet was resuspended in 3 
ml 1 X TE and  the final yield was determined by spectropho- 
tometry to be 2.75  mg. 

Construction of yeast  genomic  two-hybrid  libraries: Vector 
DNA  was prepared by digesting 15 pg each of pGAD-Cl, 
pGAD-C2, and pGAD-C3  with  40 units of ClaI for 6 hr  at 37". 
Digests were treated with  Wizard Cleanup resin (Promega) 
and recovered in 0.1 ml 1 X TE. Each vector digest was treated 
with 2 units of  calf intestinal alkaline phosphatase (CIP, Boer- 
hinger  Mannheim)  for 30 min at 37", 2  additional  units of 
CIP  were added,  and the reactions were incubated an addi- 
tional 30 min at 55". The CIP was removed by treatment 
with  Wizard Cleanup resin. Each vector preparation was then 
incubated with 2  units T4 DNA ligase (Boerhinger Mann- 
heim)  at room temperature overnight, placed at 65" for 15 
min, and electrophoresed on preparative 0.7% agarose gels to 
separate  linear  monomers from circularized and multimeric 
forms. Each linear vector DNA  was eluted onto DE81 paper 
(Whatman) and recovered into 0.1 ml  1X TE. 

Insert DNA  was prepared by partial digestion of  YM706 
genomic DNA  with the enzymes Aczl, MspI, HznPlI (New  En- 
gland Biolabs), MaeII (Boerhinger Mannheim),  and Tag1 
(Promega). For each enzyme the optimal concentration  for 
partial digestion was determined in units/pg of  DNA, and 
then six preparative reactions were carried out with  enzyme 
concentrations that bracketed  the  optimum. Each preparative 
digest contained 40 pg of genomic DNA in a total volume of 
0.2  ml and was incubated  for 30 min at the  recommended 
temperature.  The reactions were stopped by the  addition of 
20 p1 0.25 M EDTA. 

Partial digests were analyzed by Southern blotting. The 315- 
bp NczI/XbaI fragment of the ADE2 gene was radioactively 
labeled using the random priming method  and used as a 
probe (AUSEBEL et al. 1989). For each enzyme the digest that 
produced  the most even distribution of partial and complete 
digestion products was selected and 10 pg of each digest were 
size fractionated on 1% agarose gels. DNA from 500 to 2000 
bp for MaeII and TugI, 500-2500 bp for Aczl, and 500-3000 
bp for MsfiI and  HinPlI was eluted onto DE81 paper  and 
recovered into 0.1 ml 1 X  TE. 

Fifteen ligation reactions were carried out  (three vectors X 
five enzyme digests). The vector:insert ratio that resulted in 
optimal ligation efficiency was empirically determined. Each 
ligation reaction contained 5 pl of the vector preparation, 40 
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pl of the insert preparation,  and 6 units of T4 DNA ligase in 
a total reaction volume of 100 pl,  and was incubated  at room 
temperature  for 9 hr. Ligation reactions were ethanol precipi- 
tated and resuspended  in 25 pl ddH20. Ligations were trans- 
formed  into  ultracompetent Escherichia coli strain DHlOB 
(Gibco-BRL) by electroporation, using a 1.8 kV pulse,  1 mm 
gap cuvettes (BTX, Inc.), 20 pl of cells, and 1 p1 of ligation 
mix in each  transformation  reaction. For each of the  15 vec- 
tor:insert  combinations, three  to seven transformation reac- 
tions were necessary to generate sufficient numbers of trans- 
formants. One milliliter of SOC was added to each 
transformation  reaction and  incubated 1 hr  at 37”. The  three 
to seven transformation  reactions  from  each ligation were 
pooled and a small aliquot was plated to determine  the total 
number of primary transformants. The  remainder of the 
transformation mixes from  each ligation were inoculated into 
3 liters of T broth  containing 200 pg/ml ampicillin and incu- 
bated  overnight at 37”, resulting  in  a total of 15  cultures. At 
ODsoo 1.5 (-12 hr) cultures were chilled in ice for 30 min. 
For each of the  three different reading frame vectors, five 
cultures (corresponding to the five restriction enzyme di- 
gests) were pooled in  appropriate quantities to produce  an 
equal representation of all restriction sites in the final library. 
The resulting three pooled  cultures, one  representing  each 
reading  frame,  contained - 11 liters each and were harvested 
by centrifugation. DNA  was prepared from  each  pellet by 
large scale alkaline lysis and precipitated with ethanol.  The 
pellets were resuspended  in 120 ml 1 X  TE and treated 1 hr 
at 37” with 10  mg RNase A. Each was extracted five times with 
60 ml PC1 and  ethanol precipitated  in the presence of 300 
mM NaAc pH 7.0. Pellets were resuspended  in 33 ml ddH20, 
and 7 ml 5 M NaCl and 40  ml 13% PEG 8000 were added. 
The DNA  was precipitated  overnight on ice and  spun down 
IO min at 10,000 rpm  in  a GSA rotor (Sorvall). The DNA 
pellets for libraries EHL-C1,  EHL-C2,  and Y2HL-C3 were 
resuspended  in l x  TE at a concentration of 1 mg/ml. 

Construction of new  two-hybrid reporter genes: The ADE2 
gene was isolated on a 2250-bp BglrI fragment  from  the plas- 
mid PAS11 (STOTZ and LINDER 1990) and subcloned into  the 
BamHI site of  pRS316 (SIKORSKI and  HIETER 1989) to give 
pRS316-ADE2. This was digested with Eagl/AflI and religated 
to give pRS316-ade2& which contains an amino-terminal 
fragment of the ADE2 locus with a unique XbaI site at  amino 
acid 2. A 1044bp  fragment of the ADE2 locus was amplified 
from  genomic DNA using the primers 5’-GCTCCCGGGTTA- 
GCTATTTCGC-3’ and 5’-CAATAGGGACGTCTCACTGG3’, 
and a 780-bp fragment of the GAL2 promoter was amplified 
from  genomic DNA using the primers 5”GGGGAGCTCTGC 
AGAAGGCACATC-3’ and 5’-AGGTCTAGAGTTCTCCTC- 
AACTGCG-3‘. The 5-kb  XmaI/XbaI fragment of pRS316- 
ade2A,  the 226-bp  XmaI/DrnI fragment of the ADE2  PCR 
product,  and  the  774bp Ecll36II/XbaI fragment of the GAL2 
PCR product were combined by triple ligation to yield a plas- 
mid containing a fusion of the 5‘ flanking  region of ADE2, 
the  promoter  and  amino acids 1-5 of  GAL$ and  the ADE2 
coding region from  amino acid 2 to 233. This cassette was 
removed as a SmaI/AatII fragment  and subcloned into  the 
same sites of  pRS316-ADE2, restoring the carboxyl-terminal 
portion of the D E 2  coding region and resulting  in the plas- 
mid pCAL2-ADE2. 

The MET2 gene was recovered  from the plasmid pPL42-1 
(LANGIN et al. 1986) on a 2.1-kb SalI/BamHI fragment  and 
subcloned into  the same sites of pRS306  (SIKORSKI and 
HIETER 1989) to give  pRS306-MET2SB. The GAL7 promoter 
was recovered from the plasmid pBM756 (M. JOHNSTON, un- 
published  result) on a 1-kb  EcoRI/BamHI fragment  and sub- 
cloned into  the same sites in the vector pMC179O (GASADBAN 
et al. 1983),  creating  an out-of-frame fusion of the lac2 gene 

to  the  promoter  and  amino acids 1-3 of GAL7. To  correct 
the  reading  frame,  the BamHI site was made  blunt with 
Klenow. We verified that  the BamHI site had  been filled cor- 
rectly by demonstrating  that a Dam-sensitive CZaI site had 
been  created  in its place. The GAL7-lncZ cassette was  sub- 
cloned as a 4kb  EcoRI/BspEI fragment  into  the MET2 coding 
region using the same sites in pRS306MET2SB. The resulting 
plasmid is pGAL7-lacZ. 

Construction of a new  yeast strain for two-hybrid selec- 
tions: Yeast strain PJ694A was created using sequential rounds 
of  plasmid integration and 5-FOA selected excision  events.  After 
each integration or excision step the  correct strain phenotypes 
were  verified in the presence and absence of the plasmid pCLl 
(FIELDS and SONG 1989), which contains the wild-type GAL4 
gene. First, DGY63:: 171 was plated on 5-FOA media to select 
popouts of the existing URA3marked LexA-lacZ construct. The 
resulting strain was transformed with the plasmid pGHl (a gift 
from P. BARTEL) linearized with PuuII. pGHl is marked by 
URA3 and contains the HIS3 gene driven by the GAL1 pro- 
moter. This construct is placed in the 3‘ flanking region of the 
LYS2 gene. Ura’, Hisf transformants were plated on 5-FOA 
media to select for excision of the vector sequences. A trans- 
formant  that was His+ only in the presence of pCLl was selected 
and transformed with a 2.6-kb  SmaI/HaeII fragment of plasmid 
pGAL2-ADE2, resulting in  a one-step gene replacement of the 
ade2-101 locus. Transformants were selected on SC minus Ade 
media in the presence of plasmid  pCL1. A transformant that 
displayed the expected phenotypes was transformed with the 
plasmid pGAL7-lacZ, which had been linearized by digestion 
with Pad, resulting in integration of the plasmid at the MET2 
locus. Ura’, lacZ’ transformants were plated on 5-FOA media 
to select for excision of the pGAL7-lacZ vector sequences. The 
resulting strain, PJ694 ,  is Urn-, Met-, and Lys’, and in the 
presence of Gal4  activity is  His’,  Ade’, and lacZ+. 

RESULTS 

Construction of improved  two-hybrid  vectors: As a 
first  step  in  creating  improved  genomic  two-hybrid li- 
braries,  we  needed a set  of  vectors  with a unique CluI 
cloning  site that could be used to generate fusions to 
a transcription  activation  domain. The GAL4 activation 
domain  vector pGAD424 (BARTEL et ul. 1993a) was cho- 
sen  as a starting  point  because of its  small  size,  conve- 
nient  polylinker  sites,  and  efficient  rescue  of E. coli 1euB 
mutations.  Site-directed PCR mutagenesis was used to 
make  several  changes  in pGAD424. First, the endoge- 
nous CluI site  present  in  the LEU2 marker  gene was 
destroyed.  This  change  did  not  alter the amino  acid 
sequence  of LEU2, and the  plasmid  retained  the  ability 
to rescue both leu2 mutations  in  yeast and leuB6 muta- 
tions  in E. coli (data  not  shown).   Second, a new CluI 
site was introduced  into  the  center of the polylinker 
and single  base  pairs  were  inserted  between  the EcoRI 
a n d  SmuI sites and between  the SmuI and BnmHI sites 
of the polylinker. By incorporating  either  zero,  one, 
or two of the  single  base  pair  insertions  into the final 
products, we  generated a set  of  three  new  activation 
domain  vectors, pGAD-C1, pGAD-CP, and  pGAD-C3. 
Each  contains a unique ClaI cloning  site  in  the poly- 
linker, but differs  in  the  translational  reading  frame of 
the  polylinker  sites  (Figure 1). In  addition, we sub- 
cloned  each of these  polylinker  regions  into  the GAL4 
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a. 

1429 

pGAD-C(x) 
6665 bp 

(Clal) 

h l l  

5895 bp 5995 bp 

b. 

EcoRI Smal Bad1 C l a I  Sal1 P s t l  Bg111 

pGAD-C2 AAA  GAG ATC GAA TTC  CCG GGG ATC  CAT CGA TGT CGA CCT GCA GAG ATC  TAT GAA T C G m A T A  CTG  AAA 

PGAD-C3 AAA GAG ATC GAA TTC  CCG GGG GAT  CCA  TCG  ATG  TCG ACC TGC  AGA  GAT C T A m A T C  GTA  GAT  ACT GAA 

PGAD-Cl  AAA GAG ATC GAA TTC  CCC GGG GGA TCC  ATC  GAT  GTC  6AC  CTG  CAG AGA TCT  ATC  AAT  CGT AGA T A C l T C A (  

* 
* *  

FIGURE 1.-New  expression  vectors  for  use in two-hybrid  analysis. (a) Structure of the pGAD-C(x),  pGBD-C(x),  and  pGBDU- 
C(x) vectors.  Each  map  represents a set of three  different  vectors  that  are  identical  except  for the translational  reading  frame 
of the polylinker  region.  Stippled  regions  indicate  the ADHl promoter (P) and  transcription  termination (T) elements. GAL4 
AD (activation  domain)  encodes  amino  acids  768-881. GAL4 BD (DNA binding  domain)  encodes  amino  acids  1-147.  The 
restriction  sites  destroyed by sitedirected mutagenesis  during  construction  are  indicated in parentheses  in  pGBD-C(x)  and 
pGBDU-C(x). (b) Sequences of the  polylinker  regions.  Restriction  sites  are underlined;  stop  codons  are  boxed. *, single  base 
pair  insertions  introduced  during  construction. EcoRI is present  in  one  reading  frame, Smd in two, and all other sites  in  all 
three  reading  frames.  Sequences shown are  for  the  pGAD-C(x)  vectors;  sequences  for pGBD-C(x) and pGBDU-C(x) vectors  are 
identical  except  that  the  first  nine  nucleotides  preceding  the EcoRI site  are GTA  TCG  CCG. The  complete  sequences of these 
vectors  have  been  deposited  in  Genbank under  the  accession  numbers  U70018 (pGBDCl), U70019  (pGBD-C2),  U70020 (pGBD- 
C3), U70021 (pGBDU-Cl), U70022 (pGBDU-C2), U70023  (pGBDU-C3),  U70024 (pGAD-Cl), U70025  (pGAD-C2), and U70026 
(pGAD-C3). 

DNA-binding domain vector pGBT9 (BARTEL et ul. 
1993a), resulting in the vectors pGBD-C1,  pGBD-C2, 
and pGBD-C3. The multiple reading frames present  in 
these vectors allow easier construction of fusion plas- 
mids, and  the identical polylinkers simplify the transfer 
of library inserts from the pGAD vectors into  the DNA 
binding  domain vectors. 

Construction of yeast genomic two-hybrid librar- 
ies: To  generate a highly complex set of libraries, we 
sought  to increase the  number of restriction enzymes 
used for  the partial digestion of genomic DNA. There 
are five different commercially available  enzymes  with 
4 b p  recognition  sequences  that  produce a 5’ overhang 
with the  sequence 5’-CG3’: A d ,  HinPlI, MaeII,  MspI, 
and Tug1 (“CG  enzymes”). Each is compatible for liga- 
tion with the CluI site introduced  into  the polylinkers 
of the vectors described above. ARNOLD et ul. (1988) 
have predicted the frequency of  all tetranucleotides  in 
the yeast genome; we used this data  to  examine  the 
potential of the CG enzymes to provide comprehensive 
genome coverage (Table 2). On average, a CG enzyme 
recognition site is predicted  to  occur every 97 bp, while 

Su&AI alone, used in most library constructions, is pre- 
dicted to cut  genomic DNA once every 373 bp, a 3.8- 
fold difference. 

Library inserts were prepared using genomic DNA 
from yeast strain YM706. This strain contains  the mu- 
tant alleles guWA542, his3-A2UU, and ude2-101, elimi- 
nating the possibility that wild-type alleles of these genes 
are  included  in  the libraries, which  would lead to false 
positives. The genomic DNA  was subjected to partial 
digestion by each of the CG enzymes.  Because the inclu- 
sion of  as many restriction sites  as possible is critical to 
the quality of the library, partial digests were examined 
by Southern  blotting (Figure 2). This examination was 
extremely important, as  we found  that it was impossible 
to predict  the quality  of the partial digest by ethidium 
bromide staining. Southern  blotting results demon- 
strated  that digests judged to be partial by ethidium 
bromide  staining actually contained  fragment mixes 
that  ranged  from nearly complete to nearly uncut. 

After using Southern blots to select the best partial 
digest for  each enzyme, we size-fractionated the selected 
digests by gel electrophoresis. The selection of small 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/144/4/1425/6017121 by guest on 24 April 2024



1430 P. James, J. Halladav and E. A. Craig 

TABLE 2 

Library construction data 

Site Average Predicted  Independent Expected  no. 
frequency fragment  no. of 5' clones of 5' ends 

Enzvme ( % I  size (bp) ends Library obtained I:, missed 

A d  0.247 405 69,160 Y2HL-CI 
c 2  
C3 

HinPI 0.106  943  29,680 C1 
(32 
c3 

MndI 0.250  400  70,000 c1 
c 2  
c3 

M.$I 0.142 704  39,760 c1 
c 2  

' c3 

c 2  
C3 

TnqI 0.281  356 78,680 c1 

Total CG sites 1.026 97  287,280 
SnzAAI 0.268 373 75,068 

1,645,700 
7.57,500 

2,373,400 
834,000 

1,225,800 
1 , I  38,300 
1,545,500 

654,700 
2,499,900 
1,461,600 

520,300 
1,90 1,200 
1,595,600 

686,800 
3,752,100 

4.63 x lo-" 

1.25 x 1 0 " ~  
6.26 x 10-13 
1.16 x 
2.21 x lo-" 
2.58 x 10-1'' 
8.67 x lo-" 
3.09 x lo-"' 
1.08 x lo-"' 
2.07 x lo-" 
1.71 x lo-" 
1.56 X IO-!' 
1.62 x lo - . '  
1.95 x I0Pl 

1.75 X IO-'' 
0 

1.2 
0 
0 
0 
0 
0 

6.1 
0 
0 

0.1 
0 
0 

12.7 
0 

All figures are based on a genome size of 14 Mb. Each restriction  site in the  genome  generates two potential 5' ends. Site 
frequency is the  percentage of' all tetranucleotides in the  genome  that match the enzvme  recognition site (ARNOLD et nl. 1988). 
i;, is the probability that any individual 5' end is not  present in a library, and is defined by the formula = ( I  - p).', where N 
is the  number of independent clones and p is the inverse of the  number of 5' ends in the  genome (FISKEI. PI nl. 1994). 

insert sizes was desirable to minimize the  production 
of  false  positives, as discussed above. However, if the 
selected insert size is too small, many complete diges- 
tion products w i l l  not be represented in the library. To 
avoid excluding completely digested fragments from 
the library, we examined  complete digestions of geno- 
mic DNA by ethidium  bromide staining. The largest 
fragment size  visible was chosen to be  the maximum 
insert size selected for each enzyme. As a result, restric- 
tion fragments from 500 bp to a maximum of 2-3 kb 

uniwg: 3.2 2.4 1.8 1.2 0.9 0.6 3.2  2.4 1.8 1.2 0.9 0.6 

4000 - 
3000 - 
2000 - 
1600- 

1000- 

500 - 

FIGC'KI.: 2.--Xnalysis o l ' a  partial  digestion  of genomic DNA 
using So~~the rn  blotting. The panel on the left shows a set of 
HinPlI partial  digestion  reactions separated by electrophore- 
sis and stained with ethidium  bromide. Enzyme concentra- 
tions are shown above each  lane in units per microgram of 
DNA. Size markers are labeled on  the left. The right  panel 
shows a Southern blot of the  same gel probed with a 315-bp 
fragment of the AnE2 gene.  The  fragment size that results 
from complete digestion is indicated hv an arrow. 

were included in the libraries, with the maximum size 
depending  on which enzyme was used to generate a 
partial digest. 

Vector DNA was prepared by digesting pGAD-C1, 
pCAD-C2, and pGAD-C3  with CZd and treating  the 
cleaved ends with  calf intestinal phosphatase to remove 
the 5' phosphate  groups. Dephosphorylated vectors 
were then relipted,  and those that  remained as linear 
monomers were purified by electrophoresis. This step 
eliminated -90% of the background caused by vector 
self-ligation (data  not  shown). After determining empir- 
ically that a 1:8 vector:insert ratio provided optimal liga- 
tion efficiency, 15 ligation reactions were performed 
and each was transformed into E. coli. Fifteen separate 
reactions were required to ligate each of the  three dif- 
ferent  reading  frame vectors to each of the five different 
partial digestions. 

Production of comprehensive libraries required  that 
a large number of independent clones be obtained 
from each of the 15 ligation reactions. Because  of the 
practical limitations of recovering this number of  colo- 
nies from plates, each reaction was inoculated into liq- 
uid T  broth.  To minimize the problem of clone loss 
due to competition, cultures were harvested while  still 
in the logarithmic phase of growth. The five cultures 
that  represent each reading  frame were then mixed 
together in quantities  that would produce equal repre- 
sentation of each individual restriction site in the ge- 
nome. For instance, because the  genome  contains twice 
as many TnqI sites as MspI sites (Table 2) ,  one OD of 
cells will contain only one-half as many genome equiva- 
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lents of Tug1 sites  as MspI. Therefore, twice  as many 
ODs of cells are  required from the TuqI cultures to 
achieve equal  representation of all  sites. This approach 
is  valid  only if each of the  15 individual transformation 
reactions produce  a highly significant number of inde- 
pendent clones; our results indicate that this require- 
ment was met (Table 2).  The mixing produced  three 
large cultures, each representing  a different reading 
frame and containing  a comprehensive library of geno- 
mic DNA inserts. DNA  was prepared from each of the 
three libraries, which we call Y2HLC1, Y2HL-C2, and 

Assessment of two-hybrid library quality: The quality 
of the two-hybrid libraries has been  examined by a vari- 
ety  of methods. First, as shown in Table 2, a large num- 
ber of independent clones were obtained from each of 
the 15 transformation reactions, making the probability 
of failure (Fl) extremely low. Fl is a statistical measure 
describing the probability that any particular 5' end in 
the  genome will be missing from one of the libraries 
(FINKEL et ul. 1994). Each restriction site provides two 
potential 5' ends for library fusions. This analysis pre- 
dicts that  for libraries C1 and C3 there is virtually no 
possibility that any 5'  ends  are missing due to insuffi- 
cient sampling. In  the case  of library C2,  only 20  of 
the over  287,000 potential 5' ends in the  genome  are 
predicted to be absent. 

The quality  of a library is also dependent  on the 
percentage of library clones that  contain  an  insert. DNA 
was prepared from 65-75 random clones from each of 
the  three libraries and inserts were  analyzed by diges- 
tion with the polylinker enzymes SmuI and PstI followed 
by gel electrophoresis. A total of 205 clones were ana- 
lyzed; we found 10 without inserts and  an  additional l l 
that  contained small inserts of <400 bp. Thus  95% of 
the library plasmids contained inserts, and only 5% of 
those inserts were not within the size range we had 
selected. Also, as  in  any library of this type, a small 
number  (5-10%) of library plasmids may contain two 
or  more  independent inserts. 

The statistical analysis above makes the basic as- 
sumption  that  each  restriction site in the  genome will 
be  digested and ligated with equal efficiency. However 
biases in restriction site cutting  and ligation clearly 
exist, and can significantly affect the  population  of 
restriction sites actually present. We first  assessed the 
representation of the five different  restriction  en- 
zymes used in library construction. The fusion points 
of nearly 200 library clones have been  sequenced by 
our lab and others. Analysis  of these fusion points 
indicates  that  each of the five restriction enzymes are 
represented in the  libraries at  the  expected  frequency 
with the  exception of Tu$, which is underrepresented 
by -20% (data  not  shown). We then assessed the fi- 
delity with which individual  genomic  restriction sites 
are  represented in the  libraries. Clones containing 
fragments  from  four  different  genes were examined 

Y2HL-C3. 

TABLE 3 

Performance of the Y2HL libraries in two-hybrid selections 

No. of Known New 
baits interactions interactions 

Group screened Library identified identified 

A 3 Genomic" N/A 2 
Y2HL N/A 6 

B 5 CDNA* 1 of5  1 
YZHL 3 of5  5 

C 3 Y2HL 2 o f 2  9 
Total 10 Y2HL 5 o f 7  17 

Column sums do  not match the totals because one bait was 
screened using all three libraries and is included in both 
groups A and B. 

a CHEIN et al. (1991). 
' S. ELLEDGE, personal communication. 

to determine which of the  restriction sites in those 
genes  are actually present as fusion endpoints in the 
libraries. The sizes  of library DNA fragments  that re- 
sult  from using specific endpoints in PTP2, PTCl, and 
two unidentified ORFs on chromosomes 6 and 11 
were predicted  from  the positions of  CG enzyme re- 
striction sites within their  sequences. Using PCR and 
Southern  blotting, DNA bands were identified that 
correspond  to 38 of the 40 predicted  fragment sizes 
(data  not  shown). 

The libraries were functionally tested in two  ways. A 
two-hybrid selection was carried out using the bait plas- 
mid  pSE1112  (DURFEE et al. 1993), which encodes  the 
Snfl  protein fused to the Gal4 DNA binding  domain. 
We chose 12 of the 30  positive clones, rescued the li- 
brary  plasmid from each,  and sequenced them. Eight 
of the clones encoded in-frame fusions to either GAL83, 
SIPl, or SIP3. Each of these proteins has been pre- 
viously reported to interact with SNFl (YANG et ul. 1992, 
1994).  The  remaining  four clones encoded fusions to 
three different genes, none of which  were in-frame. 
Interestingly, these do not  appear to be false  positives. 
Each is able to activate transcription in combination 
with pSEl112, but  not with  several other bait plasmids 
tested. Furthermore, all three genes encode polyglu- 
tamine repeat regions and were fused in the same read- 
ing frame in the antisense orientation. The predicted 
result in each case is the expression of a  long in-frame 
polycysteine repeat. 

In  addition, six other laboratories have carried out 
complete two-hybrid screens using the Y2HL libraries. 
As outlined in Table 3, those groups have screened  a 
total of 10 baits  with the Y2HL libraries. Three of those 
same baits (Group A)  were  also used to screen another 
yeast genomic library (CHIEN et ul. 1991), while  five 
baits (Group B) were  also  used to screen a yeast cDNA 
library (S. ELLEDGE, personal communication). In each 
case, the Y2HL libraries were  significantly better  for 
identifjmg  both previously described and novel interac- 
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tions. In total, five out of  seven  previously identified 
interacting proteins and 17 new interactions were iden- 
tified from the Y2HL libraries using these 10 baits. 

Construction of an improved  two-hybrid  yeast 
stra im A major difficulty  in the use  of the two-hybrid 
system  is the elimination of false  positives. These are 
clones that cause the activation  of reporter genes, but 
not as a result of a specific interaction with the bait. 
False  positives arise frequently in current host strains 
and many are promoter-specific (BARTEL et al. 1993a,b). 
Because  all  of the available host strains use a single 
promoter  element to drive the transcription of each 
reporter  gene, promoter-specific false  positives are es- 
pecially difficult to eliminate. We reasoned that  the use 
of three  reporter genes, each under the  control  of dif- 
ferent inducible promoters, would improve the ability 
to discriminate between  false  positives and real interac- 
tions. The GALl, GAL2, and GAL7 promoters were  se- 
lected for this purpose because all are  induced to high 
levels (BW et al. 1986), all respond to the same in- 
ducer (Ga14), and they share  a minimum of sequence 
identity. 

The strain DGY63 :: 171 was selected as a starting 
point because it is transformed with high efficiency and 
provides strong expression of  @galactosidase (D. GIETZ, 
personal communication). The endogenous URA?: : 
Zed-ZacZallele  was removed by selecting for  the sponta- 
neous excision event on 5-FOA media. Three separate 
reporter  gene constructs were then  introduced  into  the 
genome by sequential gene  replacement (Figure 3).  A 
HIS3 gene  under  control of the GALl promoter was 
introduced downstream of the LYS2 gene. This con- 
struct exhibits more  stringent regulation than  other 
GALldriven HIS3 alleles, reducing or eliminating the 
need  for  the  drug 3-aminotriazole (P. BARTEL, personal 
communication).  The ade2-101 allele was replaced by a 
wild-type ADE2 gene under  the control of the GAL2 
promoter. ADE2 was chosen as a  reporter because a&Z 
mutants form red colonies, while  wild-type  cells form 
white colonies. Intermediate expression of ADE2 results 
in colonies in various shades of pink; thus colony color 
can be used as an initial indication of the  strength of 
an  interaction or to identify plasmid  loss events. Finally, 
a lac2 gene under the  control of the GAL7 promoter 
was inserted into  the  coding region of the MET2 gene 
to provide a quantitative measure of interaction 
strength. We have named  the resulting two-hybrid host 
strain PJ69-4A. 

Assessment of two-hybrid  yeast strain quality: An 
analysis of the  function of  PJ69-4A in two-hybrid  selec- 
tions showed that  the  three  reporter genes present pro- 
vide both a high level of sensitivity and  an extremely low 
background of  false  positives. The GALI-HIS3 reporter 
behaves  as hoped; 0-2 mm 3-aminotriazole is sufficient 
to eliminate growth due to leakiness on SC minus His 
media. These low  levels  of 3aminotriazole have no ef- 

a. 

e 
1 l d F = " 7  ................... ................... 

L YS2 Gallp HIS3 

b. 

I b 
V / / / / / P  ..................................................... ..................................................... 

GalPp ADE2 

C. 

t I ~ ~- 
V/ / / / / /A  ' ' 

c- ................................................. ................................................. 
met2 Gal7p lac2 met2 

FIGURE 3.-Genomic structure at  the  reporter gene loci  in 
PJ69-4A. Gal4induced promoters are indicated by EA, reporter 
genes by 0, and adjacent coding regions by 0. (a) Structure 
of the LYSZ::GALI-HIS3 reporter locus. (b) Structure of the 
GAL2-ADE2 reporter locus. (c) Structure of the mt2::GAL7- 
lucZ reporter locus. 

fect on the growth of true positives, making this a very 
sensitive reporter. However,  as  in other host strains, the 
GALI-HIS3 marker produces a very high background 
of false  positives. This problem is overcome in PJ69-4A 
by the GAL2-ADE2 reporter, which  is  equally  sensitive, 
yet exhibits a background level that is  two orders of 
magnitude lower. 

To compare  the  marker genes in PJ694,  we carried 
out two selections using the bait plasmid  pSE1112, 
which carries a S W l  gene fusion. One selection was 
plated on SC minus Trp, Leu, His media with 1 mM 3- 
aminotriazole and  the  other on SC minus Trp, Leu, 
Ade media; in both cases 3-4 X lo6 library  trans- 
formants were plated. The first  350 His+ colonies to 
arise on SC minus Trp, Leu, His media were picked; 
new colonies, totaling over 1000, continued to arise 
until the plates became dry.  Only 18 of the 350 His+ 
colonies selected were  also Ade+ and had P-galactosi- 
dase activity.  We observed similar results in screens with 
three other baits; despite utilizing the  more  stringent 
HIS3 reporter  construct, 95-99.596 of colonies selected 
as His+ appear to be false  positives. We also found  that 
the  proportion of true positive clones did not diminish 
among colonies that arose late in the incubation period, 
so selecting only the earliest colonies to appear would 
exclude many true positives. In contrast, the second 
selection on SC minus Trp, Leu, Ade media identified 
only  36 Ade+ colonies; all appeared within the first 5 
days  of growth. Thirty of those colonies were  also His+ 
and  had 0-galactosidase activity (these  are  the same 30 
positives used to assess library quality, above).  In  both 
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a.  b. 

0.5 

1433 

C. 

3.5 

FI( ;LTKI'  4.-Phenotypes of the two hyhrid  host strain PJ69-4A. (a) Plasmids transformed into PJ69-4A are indicated in each 
sector. The level of D-galactosidase activity produced by each  plasmid  comhination is indicated around the outside of the circle. 
(b) Growth produced hy  different plasmid comhinations on SC minus Trp, Leu, His media containing 1 mM 3-aminotriazole. 
(c) Growrh produced by tlifl'erent plasmic! comhinations on SC minus Trp, Leu, Ade media. Plasmid pCLl expresses  the wild- 
type Gal4 protein. pGRD-CI and pGAD-C1 are vectors  without  inserts. pSEl112 expresses a DNA binding  domain fusion to the 
Snfl protein. pCAD-SIP1 (YANG r! nl. 1992) expresses a transcription  activation  domain fusion to the Sip1 protein. pGBD-PTP2N 
and pGBD-PTP2C express DNA binding domain  fusions  to  the amino- and carboxyl-terminal  regions of Ptp2, respectively. p C 3  
5 and pC3-27 are lihraq plasmids whose fusion  proteins interact specifically with the pGBD-PTP2N product. P-galactosidase 
assays were performed as previously described (MILLER 1972). 

screens, every colony  that was positive in all three re- 
porter assays resulted  from  specific  interactions with 
SNI'I, as judged by plasmid loss assays and tests with 
alternate bait plasmids. 

We were concerned  that  the GAL2-ADE2 reporter 
might in fact be  too  stringent,  and  might fail to detect 
weak interactions.  This is not  the case, since  protein- 
protein  interactions  that  generate as little as 8.5 units  of 
P-galactosidase activity are  able to grow without difficulty 
on SC minus  Ade  media  (Figure 4). This activity  level is 
only seven times the  background level of 0.5 units, and 
only 0.5% of the activity produced by the wild-type Gal4 
protein. In addition, we used plasmid loss assays or  se- 
quencing to examine 20 library clones that  arose as weak 
His' colonies and  had  borderline P-galactosidase activity 
(1 - 1.5 units),  but were Ade-. All 20~were false positives. 
Given these results we feel the best  selection method 
using PJ69-4A is to carry out  the primary  selection  step 
using SC minus  Trp,  Leu, Ade media. 

The rationale  for  using a different galactose-induc- 
ible promoter  for  each  reporter in PJ694.A was to elimi- 
nate promoter-specific false positives. One  example of 
the effectiveness of this  strategy is provided by the  bait 
plasmid PGBD-PTP~C, which contains a fusion to  the 
carboxyl-terminal  half of  the  Ptp2  protein  (Figure  4). 
This plasmid activates transcription  of GAL1 promoter- 
driven reporters in a variety of  host  strains, including 
SW526 (BARTEL. e/ al. 1993b),Y153  (DURFEE et nl. 1998), 
HF7c (FEILO~TER PI nl. 1994), and  the CALI-HIS3allele 
in  PJ69-4A. A5 a result it has not  been possible to  screen 
libraries with this  bait  using other  Gal4induced  host 
strains,  because all reporters  in  these  strains  are  under 

the  control of GAL1 promoter  elements. However PJ69- 
4A remains  Ade-  and lacZ- in the  presence of pGBD- 
PTP2C, and  thus  should allow library screening using 
this  bait. In  addition, we examined a collection of posi- 
tive clones  from a different  genomic library (CHIEN et 
nl. 1991)  that  had  been  selected using the  bait pGBD- 
PTP2N, containing a fusion to  the  amino-terminal half 
of  Ptp2. These  clones were  selected in the  host  strain 
HF7c (FEILO'TTER Pt nl. 1994), which contains G A I J -  
HIS3 and GAL41i,,,,~,~~,-CYCII,c.rjr-ln~% reporters;  both 
promoters  are  derived  from CALI. The clones  had 
passed every test available in HF7c, including  plasmid 
loss assays and retransformation with alternate baits. 
However, when  part of  this  collection was sequenced, 
many  clones  contained no in-frame  fusion but  did carry 
nonfused  downstream  genes  encoding  transcription 
factors. When  transformed  into PJ69-4A, all were able 
to activate the CALI-HIS3reporter; however, about half, 
including  those  noted above,  were unable  to activate 
GA L2-ADE2 and GA I, 7-lncZ. 

An additional  benefit provided by  PJ69-4A  is that  the 
strain  remains  Ura3-,  because  gene  replacement, 
rather  than plasmid integration, was used to  introduce 
reporter  constructs  into  the  genome. We have taken 
advantage  of  this  fact by constructing an additional  set 
of DNA binding  domain vectors that  are  marked by the 
URA3 gene  rather  than TRPI (Figure 1) .   "hen these 
vectors are used to  construct  bait plasmids, plasmid loss 
assays can  be  carried  out quickly and simply by plating 
candidate  clones on SC minus Ade media  containing 
5-FOA. Clones  that  are  able to grow on this  media  are 
false positives and  are  discarded. 
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DISCUSSION 

One factor influencing  the quality of a two-hybrid 
library is the  number of potential fusion sites that  are 
represented. Because some fusions will be  nonfunc- 
tional due to misfolding, instability, or lack  of the cor- 
rect  domain  for  interaction,  additional fusion sites in- 
crease the  chance  that  a  protein will be  represented as a 
productive fusion. We analyzed the recently completed 
yeast genome  sequence to compare  the effectiveness of 
the CG enzymes to Sau3AI, the enzyme used most often 
for genomic library construction. The yeast genome 
(exclusive of the rDNA repeat  region)  contains 123,230 
CG enzyme recognition sites, or  an average of one every 
98  bp, almost precisely the predicted  rate (ARNOLD et 
al. 1988) (Figure 2). Sau3AI sites occur  an average of 
every  337 bp, slightly more  fiequently  than  predicted. 
A  more  detailed analysis  of four randomly chosen  chro- 
mosomes, I, III, W, and X (OLIVER et al. 1992; BUSSEY 
et al. 1995; MURAKAMI et al. 1995; GALIBERT et al. 1996), 
which constitute -13% of the  genome, shows that di- 
gestion by Sau3AI would generate 227 restriction frag- 
ments  that  are over 1 kb in length. Because 1 kb is 
roughly the size  of an average gene  in yeast, fragment 
sizes  this large make it likely that many genes will con- 
tain no Sau3AI sites and will be completely excluded 
from  a Sau3AI library. In  contrast, digestion by the CG 
enzymes  would generate many more fragments than 
Sau3AI, but only four  are  larger  than 1 kb and < 1% 
are larger  than 500 bp. 

The  3.4fold increase in  the  number of potential fu- 
sion sites, and  the corresponding decrease in  fragment 
sizes, predict  a significant improvement  in  genome cov- 
erage in the Y2HL libraries. However it also increases 
the  number of clones to be  screened from each library, 
since more fusion endpoints must be sampled for each 
genome equivalent. To screen  the Y2HL libraries at a 
95% confidence level,  -860,000 clones must be exam- 
ined from each of the  three libraries; a  99%  confidence 
level will require -1,325,000 clones from each library 
(FINKEL et al. 1994).  Generating this number of primary 
transformants is routine using current yeast transforma- 
tion protocols (GIETZ and SCHIESTL 1995). 

A  second factor determining library quality is the 
ability to generate fusions close to the  amino-terminus 
of proteins, since this is the most poorly represented 
region in all  two-hybrid libraries. We examined  the first 
60 coding regions in the sequence of chromosome W 
(MURAKAMI et al. 1995) to determine how  well the 
amino-termini of proteins  might be represented. We 
identified  the first two sites that could provide an in- 
frame fusion point  for  each  gene. Examining more  than 
one site is important because any individual site might 
not be represented  due  to enzyme cutting biases or 
might  produce  a  nonfunctional fusion protein. In the 
case  of Sau3AI, seven  of the 60 genes, greater  than lo%, 
contained no sites at all and thus  are excluded from 

Sau3AI libraries. Eight other genes contained no sec- 
ond site, and in total 25  of the 60 genes had no Sau3AI 
site within the first 300 bp of the  coding region. In 
contrast, every gene  had  at least two  CG sites. In 50% 
of the genes both CG sites  were  within the first  100 bp 
of the  coding regions; 74% had  at least one CG site 
within that region. In  addition,  for 19 of the 60 genes 
there were in-frame CG sites located upstream of the 
ATG codon;  thus  one-third of the  proteins could be 
represented in their entirety. Only one gene had a simi- 
larly placed Sau3AI site. This analysis  suggests that our 
approach to library construction  should result in a 
much  more  complete two-hybrid library; the functional 
assessments of the libraries presented  in this paper indi- 
cate this is in fact true. 

We developed the two-hybrid host strain PJ69-4A based 
on the hypothesis that utilizing different inducible pro- 
moters would eliminate many  false  positives. The GALI, 
GAL2, and GAL7 promoter elements share homology 
only in their 17-bp  Gal4 binding sites, and among  the 
three promoters the most  similar elements match in  only 
11 of 17 positions. The effectiveness of this approach is 
demonstrated by the fact that we have carried out screens 
using four different baits and have not yet identified any 
false  positives that activate more than  one  reporter  gene, 
nor have we found any real interactions that  are unable 
to  activate  all three reporters. 

As a result, PJ69-4A  allows for extremely efficient two- 
hybrid selections. The GAL2-ALlE2 reporter is especially 
useful, because it is very  sensitive to weak interactions 
and eliminates nearly all  false  positives in the first step 
of the selection. Most host strains produce  a large num- 
ber of  false  positives,  which are  screened out using labor 
intensive plasmid loss  assays followed by either mating 
or retransformation to introduce  alternate bait plas- 
mids. Using PJ69-4A, the few false  positives that remain 
after a primary selection on SC minus Ade media  are 
easily screened out using the GALI-HIS3 and GAL7-lac2 
reporters. PJ69-4A does contain a  mutant ura3 allele, 
allowing the use  of  5-FOA selection for increased effi- 
ciency in plasmid loss  assays.  However,  as noted above, 
in four  separate screens we have not yet identified any 
false  positive that can activate  all three  reporters  but is 
subsequently screened out,  either by plasmid loss  assays 
or through nonspecific interactions with other baits. In 
fact, we have screened libraries with  two baits for which 
there  appear to be no detectable  interactions.  It took 
over 2  months to eliminate the many  false  positives and 
arrive at this conclusion using the host strain HF7c. 
However using PJ6944, no Ade+ colonies arose, and 
the same result was clear within  10  days. 

Many researchers are accustomed to using P-galacto- 
sidase filter assays  as a secondary screen  in other host 
strains. In PJ6944,  the GAL7 promoter  appears to be 
activated in response to treatments commonly used for 
cell permeabilization, such as  flash freezing. This causes 
background 0-galactosidase activity that makes the use 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/144/4/1425/6017121 by guest on 24 April 2024



New  Tools for  Two-Hybrid Analysis 1435 

of filter assays unfeasible. However this is not a serious 
problem, since two simple and effective plate assays  al- 
ready exist using the GAL2-ADE2 and GALl-HIS3 re- 
porters. Also, because the GAL2-ADE2 reporter in PJ69- 
4A is so much  more efficient than  other host strains, 
only true positives remain by the final stage  of the 
screening process. Therefore  there is no  need to deal 
with large numbers of clones in 0-galactosidase assays. 
Finally, the  function of the GAL7-lacZ reporter in quan- 
titative liquid assays  is excellent (Figure 4); the  reporter 
can also be assayed using X-gal plates, although this is 
less  sensitive than filter assays. 

We anticipate that these new tools will be extremely 
valuable to researchers studying a wide  variety  of organ- 
isms. The vectors and approach  to library construction 
presented  here can be used to  produce highly represen- 
tative libraries from other organisms. The host strain 
PJ69-4A can be used to screen any  two-hybrid library 
containing fusions to a transcription activation domain, 
regardless of the organism from which the fusion pro- 
teins are derived. The only requirement is that  the bait 
plasmid contain  a fusion to the Gal4 DNA binding do- 
main. In  addition,  the Y2HL libraries reported  here can 
be used  in combination with  any bait plasmid and host 
strain.  It is increasingly clear that yeast can serve as an 
excellent model for the biology  of higher organisms, 
as  many proteins from other organisms have been 
shown to function in  yeast. We believe that  the Y2HL 
libraries are likely to be the most complete two-hybrid 
libraries available from any organism. With the sequenc- 
ing of the yeast genome now complete, it will be even 
more productive to screen yeast libraries such as these 
for proteins  that can interact with those from other 
organisms. 
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