
Vol. 45 ı No. 3 ı 2008 www.biotechniques.com ı BioTechniques ı 235

Short Technical Reports

INTRODUCTION

Interactions between proteins are 
essential for all biological processes. The 
availability of the genome sequences 
of hundreds of species, ranging from 
bacteria to human, enables functional 
genomic and proteomic studies of 
system-wide biological phenomena 
using large-scale and high-throughput 
experimental techniques. One such 
technology, the yeast two-hybrid system 
(Y2H) (1), is a powerful method for 
identifying protein-protein interactions 

(PPIs) in vivo, requiring minimal prior 
information of the putative interactors. 
To study such interactions the proteins 
are usually cloned into expression 
vectors to create fusion proteins. The 
time and effort required for each exper-
iment can be significantly reduced if the 
“bait” and the “prey” proteins are cloned 
into Gateway vectors.

Gateway Cloning Technology 
(Invitrogen, Carlsbad, CA, USA) uses 
site-specific recombination functions 
of phage λ (2,3). The recombination 
reactions (BP and LR reactions) are 

highly efficient, quick, and simple, and 
are especially useful for high-throughput 
projects involving thousands of genes. 
For example, the growing popularity 
of ORFeomes (4), which are compre-
hensive collections of predicted coding 
sequences or open reading frames 
(ORFs) of a given organism, has been 
fueled by the availability of recom-
bination-compatible, plasmid-based 
ORFeome libraries, enabling genome-
wide or proteome-wide studies. Indeed, 
vectors suitable for Y2H analysis and 
Gateway cloning are commercially 
available. For example, both vectors 
pDEST22 and pDEST32 (Invitrogen) 
enable PPI identification in yeast and 
harbor a centromere-based origin of 
replication to confer a low copy number 
on the plasmid clones. However, a 
limitation of these particular vectors 
is that they offer only a single reading 
frame for fusion-protein construction. 
To further increase the power of large-
scale Y2H screens, we constructed a 
comprehensive vector system containing 
a vector for every possible reading 
frame. Moreover, these new vectors 
permit site-specific Gateway cloning 
and incorporate a yeast 2 μm origin of 
replication for maintenance of plasmids 
at high copy number.

In a classical Y2H screen, a prey 
library is normally screened against the 
bait protein of interest. Such screens 
require a high-quality two-hybrid 
library, which ideally should be repre-
sentative of the gene content of the 
biological material of interest and have 
the inserts cloned in the proper reading 
frame. Existing libraries are either 
genomic DNA libraries or cDNA-
originated libraries, and often fall short 
in terms of quality of the insert. They 
are constructed using partial restriction 
endonuclease digestion of genomic 
DNA or from cDNA. Many expressed 
fusion proteins in the prey vectors may 
be nonfunctional due to incorrect folding 
or reduced stability. Construction of 
both library types is accompanied by 
nonproductive cloning of genes; for 
example, gene fragments in the wrong 
reading frame or wrong orientation, 
gaps in the sequence, or truncated amino 
termini. cDNA libraries may not be 
fully representative of low-abundance 
or conditionally expressed proteins, 
and may be no better at representing the 
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The yeast two-hybrid (Y2H) system is a powerful method to identify protein-protein inter-
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of genes or gene fragments in all possible reading frames into Y2H library vectors. Thus, 
Y2H screening libraries can be rapidly constructed and will present more amino termini in 
the correct reading frame. Additionally, advantageous for small-scale Y2H studies, there is 
no need to know the natural reading frame of the genes of interest, because the bait and prey 
genes can be transferred into the vectors by a single reaction and are present in all possible 
reading frames. Since the Y2H system per se is a positive selection system, only pairs of bait 
and prey genes harboring the correct reading frames will emerge. We tested the new vectors 
within the Y2H system and demonstrated full functionality without any undesired effects on 
the Y2H system itself. Besides the vector construction, we investigated the utility of the system 
for Y2H analysis and demonstrated clearly its practicability in genome-wide Y2H screenings 
and the advantage of using additional reading-frame Y2H cDNA libraries. We performed a 
series of genome-wide Y2H library screenings with the human vitamin D receptor protein 
(VDR) as bait. We investigated: (i) whether more protein interactors are found by using three 
instead of one reading-frame destination vectors; (ii) how much overlap between the differ-
ent reading-frame libraries exists; and (iii) the rate of possible additional autoactivators. 
We conclude that our vectors deliver significantly more interactors and outperform a single 
reading-frame library. This new system could enable simple and fast large-scale PPI studies 
and the construction of high-quality screening libraries.
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amino termini of fusion proteins than 
are genomic libraries (5). Therefore, 
a two-hybrid library has not only to 
represent each gene, but must also 
encode the amino terminus of as many 
proteins as possible. More precisely, 
the term “more correct amino termini” 
refers to more correct fusions of the 
yeast Gal4 activation domain with 
the amino-terminus of the proteins 
encoded by the DNA inserts, which are 
transcribed and translated from three 
different destination vectors in three 
different reading frames. We do not 
mean that our approach will increase the 
total number of amino termini within the 
initial cDNA entry vector library, which 
is already defined and unchangeable.

Aside from the methodological 
problems associated with the con-
struction of Y2H screening libraries, 
there are other factors that must be 
considered in order to preserve the 
complexity of a eukaryotic library. 
Numerous studies have shown that 35%
to 74% of all human genes undergo 
alternative splicing. By using different 
exon combinations and/or different 
reading frames, some gene regions 
can encode multiple polypeptides in 
different transcripts. About 7% of alter-
natively spliced genes in the human 
genome contain multiple coding regions 
(6). Alternative transcription initiation 
sites as well as alternative translation 
initiation sites present an additional 

hurdle. Translation initiation generally 
proceeds by scanning from the 5′ end 
of a transcript until the first AUG is 
encountered. Five-prime untranslated 
regions can vary in length, and alter-
native upstream AUGs may be used. 
Two-thirds of these random AUGs will 
be out of frame, but the remaining third 
can lead to functional proteins (7). A 
vector system with the ability to clone 
in every reading frame, without the 
need to know or maintain the reading 
frame of each gene, should be able to 
generate a greater proportion of proteins 
having correct amino termini for use 
in two-hybrid screening. Our system 
enables any researcher to use a standard 
donor vector for cloning his/her own 
cDNA source of interest and to take 
advantage of the three reading frames. 
The completeness of cDNA libraries is 
critical and their construction is not a 
trivial undertaking. In general, cDNA 
libraries (irrespective of the vector 
system used) can differ dramatically in 
content and quality, even if the same 
biological source and technique are 
used. Although it is difficult to clone 
a low-abundance sequence even into 
one vector, having additional reading-
frame vectors increases the probability 
of cloning the gene sequence in the 
correct reading frame. Our vector sets 
should help make cDNA libraries more 
representative of the gene expression 
profile of the tissue of interest. They will 
enable such experimental flexibility for 
individually prepared cDNA libraries. 
Moreover, our vector sets will increase 
the utility of already existing cDNA and 
genomic libraries cloned in an entry 
vector with a fixed reading frame.

MATERIALS AND METHODS

Construction of the Vector System

The two Y2H vectors pGADT7 and 
pGBKT7 (Clontech, Mountain View, 
CA, USA) were used to incorporate the 
Gateway cassettes rfa, rfb, and rfC.1 
of the Gateway conversion system 
(Invitrogen). For negative selection, 
the cassettes carry the ccdB gene (8) 
and resistance to chloramphenicol for 
positive selection. Blunt-ended linear 
cassettes were cloned into the SmaI 
restriction sites in the multiple cloning 

Figure 1. Construction of the new vector system. Illustration and description of the set of the six 
Gateway-compatible yeast two-hybrid (Y2H) bait vectors (A) pBD-Gate1–6 and the six Gateway-
compatible Y2H prey vectors (B) pAD-Gate1–6. These were constructed by blunt-end cloning the three 
Gateway recombination cassettes in (C) forward and (D) reverse directions into the SmaI restriction site 
of the original Y2H vectors pGBKT7 and pGADT7. The sequences of the six different cassettes (Gates 
1–6) are shown from the 5′ end. The first part of the residual SmaI restriction site is underlined and the 
bases that were inserted to shift the reading frame are highlighted in gray.
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site of both vectors, which were trans-
formed into chemically competent ccdB 
survival cells (Invitrogen) according 
to the kit manual. Isolated single 
colonies were cultured and plasmids 
isolated using the GenElute HP Plasmid 
Maxiprep kit (Sigma Aldrich, St. Louis, 
MO, USA). The resulting purified 
plasmids were sequenced. Insert-
harboring clones contained cassettes in 
both the forward and reverse directions. 
We termed the modified bait vectors 
pBD-Gate1–6 and the prey vectors 
pAD-Gate1–6 (the numbers 1 to 6 
indicate the different reading frames).

p53 and SV40 Large T-antigen Bait 
and Prey Plasmid Generation

DNA sequences coding for mouse 
p53 and simian virus 40 (SV40) large 
T-antigen transcripts, without start 
and stop codons (to enable C- and 
N-terminal fusions), were inserted into 
the Gateway donor vector pDONR/
Zeo (Invitrogen). Using site-specific 
LR reactions (2) the p53 sequence was 
shuttled into each new pBD-Gate vector 
(pBD-Gate1–6) and the SV40 large 
T-antigen sequence was inserted into the 
pAD-Gate vectors (pAD-Gate1–6) to 
generate 12 different expression vectors. 
After transformation into chemically 
competent TOP10 cells (Invitrogen) 
and positive selection against ampicillin 
(100 μg/mL) for pAD-Gate transfor-
mants and kanamycin (50 μg/mL) for 
pBD-Gate transformants, plasmids were 
isolated from colonies on each of the 12 
selection plates and sequenced.

Yeast Transformation and Y2H 
Analysis

Bait and prey vectors were trans-
formed together into the haploid 
yeast strain AH109 (MATα) from 
the Matchmaker Two-Hybrid System 
(Clontech) according to the kit manual, 
and one half of each transformation 
was plated onto a nutritionally selective 
plate deficient in tryptophan and leucine 
(SD/-Leu-Trp) to test for positive trans-
formation and on a nutritionally selective 
plate deficient in tryptophan, leucine, 
adenine, and histidine (SD/-Leu-Trp-
Ade-His) to test for the putative inter-

Figure 2. Positive selection in a yeast two-hybrid (Y2H) test and demonstration of functionality 
of the modified vectors. (A) Thirty-six combinations of every modified pBD-Gate(1–6) bait vector 
expressing p53 and every modified pAD-Gate (1–6) prey vector expressing SV40 large T-antigen were 
transformed into the yeast strain AH109 and plated on SD/-Leu-Trp-Ade-His plates to test for positive 
interaction between p53 and large T-antigen. These were also plated on SD/-Leu-Trp medium to test for 
correct transformation of the yeast cells. (B) Only the combination between the two Gate2 vectors (pBD-
Gate2-p53 and pAD-Gate2-SV40) produced growth on SD/-Leu-Trp-Ade-His; in these constructs, p53 
and large T-antigen are both in the correct reading frames. (C, D) A pooling approach was used to simu-
late library cloning by random recombination. After performing a random transfer of p53 and large 
T-antigen by a single LR reaction into a mixture of 12 Y2H destination vectors (six vectors each for p53 
and large T-antigen), we transformed the Y2H reporter strain AH109 with the mixture of all six reading-
frame variations of p53 in the pBD-Gate vectors and all six pAD-Gate reading-frame variations of large 
T-antigen, and plated equal amounts of the cells onto (C) SD/-Leu-Trp and (D) SD/-Leu-Trp-Ade-His 
plates. Plasmids from 10 colonies from both plates were prepared and sequenced. Sequencing results are 
summarized, and the corresponding reading frames identified are indicated by an x; the grid in (C) shows 
the plasmid content distribution in the 10 analyzed yeast colonies, the grid in (D) shows the sequencing 
results of the 10 analyzed interaction-positive yeast colonies. A negative control with a pool of the empty 
vectors was plated onto (E) SD/-Leu-Trp and onto (F) SD/-Leu-Trp-Ade-His.
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action. The plates were incubated for at 
least 4 days at 28°C.

Direct plating of transformants onto 
PPI selective SD/-Leu-Trp-Ade-His 
medium represents a harsh condition, 
which only permits yeast cells with 
strong interactors to grow. Therefore, 
we also tested a weaker Y2H condition 
to detect possible autoactivity of the 
new vectors. After growing the yeast 
colonies on SD/-Leu-Trp plates, several 
random colonies were picked, dissolved 
in water, and grown on SD/-Leu-Trp and 
SD/-Leu-Trp-Ade-His media to allow 
cells with potential autoactivators or 
weak interactions between other reading 
frames a chance to grow.

DNA Sequencing

Standard dideoxy sequencing was 
used (9,10). A 10 μL sample containing 
5 μL plasmid preparation, vector-
specific primer pairs (pAD-Gate primer 

Figure 3. Comparison of the three different reading-frame yeast two-hybrid (Y2H) library screen-
ings. (A) Illustration of the recovered VDR interactors and their distribution over the different Gate vec-
tor libraries. The majority of the interactors are unique, showing only a little overlap. (B) Overall false 
positive and true positive content of the Y2H library screenings. (C) Detailed analysis of the screenings.

A B

C

  

Step up to BrightLine® 

  fluorescence filters
       All BrightLine filters are hard-coated for superior 
       performance and no burn-out reliability.  And today no burn-out reliability.  And today no burn-out
       BrightLine includes a wide selection that ships from 
       stock for all your fluorescence needs, from basic all your fluorescence needs, from basic all
       fluorescence microscopy to the most advanced 
      laser-based imaging systems.

  www.semrock.com/jy         1-866-SEMROCK

Q u a l i t y  O p t i c a l  F i l t e r s
•

Year
WarrantyWarranty

Five



242 ı BioTechniques ı www.biotechniques.com Vol. 45 ı No. 3 ı 2008

Short Technical Reports

sequence: 5′- CTA TTC GAT GAT GAA 
GAT ACC CCA-3′; pBD-Gate primer 
sequence: 5′-TCA TCG GAA GAG 
AGT AGT AAC-3′; each 0.32 μM), 
2 μL BigDye Terminator v3.1 Ready 
Reaction Mix (Applied Biosystems, 
Foster City, CA, USA), and 1 μL 5×
sequencing buffer was heated to 95°C 
for 5 min followed by 25 cycles of 
extension reactions (95°C for 10 s, 50°C 
for 5 s, and 60°C for 90 s). After precipi-
tating with sodium acetate and absolute 
ethanol, the redissolved DNA was 
sequenced with an ABI 3130 Genetic 
Analyzer Capillary Array (Applied 
Biosystems).

Y2H Screen

The human vitamin D receptor
(VDR) gene sequence (NCBI Accession 
no. NM_000376) cloned in pDONR/Zeo 
was shuttled into the vector pBD-Gate2 
and assessed for nonspecific activation 
of reporter genes. The human bone 
marrow cDNA library in the Gateway-
compatible pCMV-SPORT6 vector 
(Invitrogen) was transferred through 
BP and LR reactions into each of the 
pAD-Gate1, -2, and -3 vectors and 
purified using the GenElute HP Plasmid 
Maxiprep kit. Each library was co-trans-
formed with the VDR-pBD-Gate2 
construct into the yeast strain AH109 to 
perform a large-scale Y2H experiment. 
To determine the proportion of autoac-
tivators generated in each cDNA library, 
we performed a mock library screening 
for each of the libraries by using an 
empty bait plasmid instead of the VDR 
bait.

RESULTS AND DISCUSSION

We combined two systems to create 
a series of Gateway-compatible Y2H 
vectors. Six different reading-frame 
Y2H bait and prey vectors (Figure 
1) were produced. The three reading 
frames differ by one or two nucle-
otides and are in both orientations, so 
that all six possible reading frames for 
correct protein expression are available 
in the bait and prey Y2H vectors. We 
evaluated these vectors using the strong 
and well-known PPI between the 
tumor suppressor p53 protein and the 
viral oncoprotein, large T-antigen of 

SV40 (11). To verify that only the two 
anticipated correct reading frames are 
functional in the Y2H reporter strain, 
a direct Y2H analysis was performed 
by transforming every p53 in the six 
Gateway-modified pGBKT7 vectors 
together with one of the six modified 
pGADT7 vectors carrying the large 
T-antigen into the haploid yeast strain 
AH109 (MATα) from the Matchmaker 
Two-Hybrid System. Every combination 
of the 36 p53 with large T-antigen inter-
actions was tested by plating the yeast 
transformants onto solid SD/-Leu-Trp 
medium for testing the positive transfor-
mation reaction and onto solid SD/-Leu-
Trp-Ade-His medium for testing a 
positive PPI. This was done because 
AH109 contains distinct ADE2 and 
HIS3 reporter constructs that are only 
expressed in the presence of Gal4-based 
protein interactions. As expected from 
the known reading frames of the bait 
and prey proteins, only p53 and large 
T-antigen in the two rfB cassettes 
(pAD-Gate2 and pBD-Gate2) produced 
colonies on the PPI indicator medium 
(SD/-Leu-Trp-Ade-His), whereas each 
transformation yielded colonies on the 
transformation control SD/-Leu-Trp 
plates. After incubation at 28°C for 5 
days, only yeast transformants with 
the two rfB cassettes (pAD-Gate2 and 
pBD-Gate2) grew on the solid media 
(Figure 2). These results demonstrate the 
advantage of our system in approaches 
where the reading frame is not known 
(5,6). The gene, the fragment, or the 
ORF of interest can be easily shuttled 
into all six Gateway-modified Y2H 
vectors to study PPIs.

In a further pooling experiment, we 
simulated a cloning library by random 
recombination of p53 and SV40 large 
T-antigen into our 12 Y2H destination 
vectors. After random transfer of p53 as 
well as large T-antigen by a single LR 
reaction into a mixture of all 12 desti-
nation vectors and subsequent propa-
gation of the plasmids in Escherichia 
coli, we transformed the mixture of all 
six reading-frame variations of p53 
in the pBD-Gate vectors and all six 
pAD-Gate reading-frame variations with 
large T-antigen into yeast. The pool of all 
12 vectors was transformed in a single 
reaction into the Y2H reporter strain 
AH109 and plated onto SD/-Leu-Trp 
and SD/-Leu-Trp-Ade-His media. All 

combinations of bait and prey plasmids 
should have been transferred into yeast 
cells and equally distributed on the 
Y2H nonselective plates. However, on 
Y2H PPI-selective plates, only yeast 
harboring the correct combination of 
constructs should be recovered. After 4 
days of incubation at 28°C, both plates 
showed growth of yeast colonies (Figure 
2). Plasmids out of 10 colonies of each 
plate were sequenced. Sequencing 
demonstrated that all 12 vectors were 
transformed into the yeast and were 
detected in yeast colonies growing on 
Y2H nonselective SD/-Leu-Trp plates 
(Figure 2C). As predicted, only the two 
vectors with p53 and large T-antigen 
in the Gate2 cassettes were detected in 
colonies growing on Y2H PPI-selective 
SD/-Leu-Trp-Ade-His plates (Figure 
2D).

In a final experiment showing an 
actual application of the new vector 
system, we screened the human vitamin 
D (1,25-dihydroxyvitamin D3) receptor 
(VDR) against a human bone marrow 
cDNA library in pAD-Gate1, -2, and -3. 
Note that this commercial cDNA library 
was constructed directionally, so that 
inserts in only the first three cassettes can 
code for human proteins; for a Gateway-
compatible library prepared with inserts 
generated by restriction endonuclease 
digestion, all six prey vectors could be 
used. We transferred, by one-step BP 
reactions, 3 × 107 individual cDNA 
inserts into the donor vector pDONR/
Zeo. Approximately 1.2 × 107 individual 
clones were generated by one-step LR 
reactions and inserted into each of the 
three pAD vectors. The absolute number 
of yeast transformants obtained for each 
of the library screenings was ∼5 × 106, 
as determined on control plates selective 
for yeast cells having both plasmids.

To determine the proportion of 
autoactivators generated in each cDNA 
library, we performed a mock library 
screening for each of the libraries by 
using an empty bait plasmid instead of 
the VDR bait. Plasmids from positive 
Y2H colonies were isolated and each 
cDNA insert was sequenced with the 
pAD-Gate-specific primer. The total 
number of positive Y2H colonies was 
43 (Gate1/19, Gate2/12, and Gate3/12 
together). The autoactivator transfor-
mation yielded altogether six candidates, 
three of which are identical to candidates 
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recovered in the screens, indicating they 
are false positives (Figure 3). [Note: 
The term false positive as used here 
refers to the specific class of technical 
false positives that are produced in the 
yeast assay itself (sticky proteins and 
autoactivators). Such false positives can 
be recognized in a Y2H assay by control 
experiments, for example, by re-trans-
formation back into the yeast reporter 
strain together with an empty bait vector 
for comparison. Additionally, genes 
overlapping between the mock screens 
and the VDR-specific screens can 
also be assumed to be false positives. 
Autoactivators belong to the group of 
false positives that do not need any 
interactor for activating the reporters of 
the Y2H system.] Every sequenced prey 
plasmid was found to be in the correct 
reading frame, which is an additional 
indicator of the good quality of the inter-
actors recovered in the screens. These 
results show that the three reading-
frame libraries: (i) are functional; (ii) 
can each deliver positive Y2H colonies 
that overlap only to a small extent 
between the libraries; (iii) contain 
similar numbers of autoactivators, as 
seen by the mock library screenings; 
and (iv) can increase significantly the 
overall number of positive Y2H candi-
dates and the number of new protein 
candidates compared with a single 
reading-frame library. Although there 
are some overlapping candidates in the 
three frames, the majority are unique 
interactors. If the same screen had been 
performed conventionally, that is, with 
only a single reading-frame vector, 
the additional interactors would have 
remained unidentified. Indeed, 56% to 
72% more true positives were recovered 
by using the additional two reading-
frame libraries (Figure 3).

We conclude that the newly designed 
Y2H vectors: (i) are Gateway-compatible 
and amenable to fast cloning; (ii) are 
fully functional in the Y2H system 
without influencing the capacity of the 
selection system or creating autoacti-
vators; (iii) allow selection in live yeast 
of the two correct reading-frame vectors 
out of the possible 12 different vectors 
and 36 different bait and prey combi-
nations; (iv) produce a higher yield of 
interacting candidates in genome-wide 
Y2H screenings by using three instead 
of a single reading-frame library; and 

(v) give no additional increase in the 
autoactivator rates for cDNA libraries. 
Therefore, this large-scale combinatorial 
approach using all 12 vectors together to 
transform yeast reporter strains is practi-
cable and efficient. This approach can 
obviate the need to know or maintain 
sequence-specific information such as 
the correct reading frame of a gene.

In summary, we have constructed a 
Gateway reading frame–independent 
vector system for Y2H PPI studies. This 
system knits together the advantages of 
Gateway site-specific recombinational 
cloning with the Y2H system for PPI 
detection in live yeast. Because of the 
increasing number of ORFeomes cloned 
in Gateway entry vectors, this new 
vector system should be a useful tool 
for high-throughput interaction studies 
where the reading frames of the genes 
to be examined are not known because 
of alternative splicing or alternative 
initiation sites. Additionally, this system 
should increase the number of correct 
fusion proteins included in a two-hybrid 
screen and, therefore, also the number 
of interaction partners that can be 
identified, as demonstrated in our VDR 
analysis for cDNA libraries. Finally, we 
note that, although yeast 2 μm–based 
two-hybrid plasmids are broadly used 
for PPI analysis, as are centromeric 
vectors, the latter may deliver more 
stable results or possibly additional or 
different pairs of interacting candidates. 
As such, producing a set of centromeric 
yeast vectors is a future goal.
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