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Abstract
The analysis of protein-protein-interactions is a key focus of proteomics efforts. The yeast two-
hybrid system has been the most commonly used method in genome-wide searches for protein
interaction partners. However, the throughput of the current yeast two-hybrid array approach is
hampered by the involvement of the time-consuming LacZ assay and/or the incompatibility of
liquid handling automation due to the requirement for selection of colonies/diploids on agar plates.
To facilitate large-scale yeast two-hybrid assays, we report a novel array approach by coupling a
GFP reporter based yeast two-hybrid system with high throughput flow cytometry that enables the
processing of a 96 well plate in as little as 3 minutes. In this approach, the yEGFP reporter has
been established in both AH109 (MATa) and Y187 (MATα) reporter cells. It not only allows the
generation of two copies of GFP reporter genes in diploid cells, but also allows the convenient
determination of self-activators generated from both bait and prey constructs by flow cytometry.
We demonstrate a Y2H array assay procedure that is carried out completely in liquid media in 96-
well plates by mating bait and prey cells in liquid YPD media, selecting the diploids containing
positive interaction pairs in selective media and analyzing the GFP reporter directly by flow
cytometry. We have evaluated this flow cytometry based array procedure by showing that the
interaction of the positive control pair P53/T is able to be reproducibly detected at 72 hrs post-
mating compared to the negative control pairs. We conclude that our flow cytometry based yeast
two-hybrid approach is robust, convenient, quantitative, and is amenable to large-scale analysis
using liquid-handling automation.
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Introduction
The identification and characterization of protein-protein interactions (PPIs) is a key topic in
post-genome research. The yeast two-hybrid system (Y2H) is the most commonly used
method for large-scale, high throughput (HT) identification of PPIs and has contributed the
majority of the currently available data (1–6). The Y2H system, developed two decades ago,
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is based on the split and reconstitution of a transcription factor, such as yeast Gal4p (6). Two
proteins, X and Y, one fused with the Gal4p DNA binding domain (BD-X), often called
“Bait”, the other protein fused with the Gal4p activation domain (AD-Y), often called
“Prey”, are co-expressed in yeast cells. The interaction between proteins X and Y brings the
Gal4p BD and AD together to form a functional transcription factor and subsequently
activates reporter gene expression, such as His3, URA3, LacZ, yEGFP and SdHA (6–12).

There are basically two Y2H approaches: library screen and array approaches (including
both matrix and mass mating approaches) (4,5). Fishing in cDNA libraries has been the
typical use of the Y2H system in academic labs aiming at the isolation of binding partners
for a protein of interest. The standard time-consuming procedure, the complexity of the
cDNA in the library and the cost of DNA sequencing for clone identification have limited its
application in the current high-throughput, large-scale Y2H campaign (5). Therefore, the
matrix approach, i.e., a one-toone test of a binary protein interaction has been employed.
This pair-wise strategy requires cloning all individual cDNAs into the Y2H bait and prey
vectors and arraying in 96-well or 384-well microtiter plates. This approach is likely to be
more comprehensive and more sensitive than the library approach because the identity of
each clone is defined, each cDNA is equally tested against the bait and the weak interactions
can be more easily distinguished from the background (5). The matrix one-to-one testing
approach affords the most definitive detection strategy.

However, for large sets of bait and prey, each individual bait has to be mated with all the
prey plates, requiring a large number of time-consuming and labor-intensive manipulations,
such as mating (13). To reduce the labor, pooling strategies, which pool multiple strains of
bait or prey together followed by “mass mating” have been developed for large-scale
purposes (13,14). Due to the requirement of a large number of time-consuming
manipulations in the array approach, automation thus becomes the key to perform a large-
scale Y2H assay. The array approach is often performed on agar plates by mating haploid
cells on rich media plates and scoring the positive PPIs on selective plates (15–18). Using
the matchmaker Y2H system as an example, Rajagopala and Uetz (18) summarized the high
throughput Y2H array protocol as follows: 1) mating haploid cells on rich media plate; 2)
selecting the diploid cells on plates lacking leucine and tryptophan; 3) determining the
positive PPIs by scoring the His3 reporter on plates lacking histidine (Fig. 1A). This
protocol is applicable to the other Y2H system using different selection markers and
reporters.

While this approach has been automated, it remains difficult because of the requirement for
colony handling and replication. To avoid colony handling, an automated Y2H array
approach in a liquid format was developed with the whole procedure performed in liquid
media, including mating in YPD media, selection of diploid cells in SD-T-L media and
measuring the LacZ reporter in a microtiter plate (Fig.1C) (19). However, measuring LacZ
in the liquid format is time-consuming and cumbersome when processing large numbers of
samples because of the requirement for lysing cells and adding substrates (19–22).

In this study, we sought to employ HT flow cytometry for large-scale analysis of PPIs
through the use of the GFP reporter based Y2H system which we recently established (7).
Flow cytometry is a versatile high speed cell analysis method that is playing key roles in
proteomics and systems biology efforts (23). HT flow cytometry, such as HyperCyt®,
enables the processing of a 96- and 384-well plate in as little as 3 and 12 min, respectively.
It is therefore well-suited for large-scale cell screening and selection applications (24–27).
To explore its utility for large-scale PPI analysis, we demonstrated an automated high
throughput Y2H array procedure that was carried out in 96-well plate by mating yeast cells
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in YPD media, enriching positive PPIs in selective media and analyzing the GFP reporter by
HyperCyt® flow cytometry (Fig. 1B).

Materials and Methods
Strains, Plasmids, and Molecular Cloning

Plasmid construction and molecular cloning were performed in the cloning host cell E.coli
DH5a (Invitrogen) following standard protocols. The Y2H kit ‘‘Matchmaker system’’ was
purchased from Clontech (San Jose, CA). The kit includes the bait vector pGBKT7
(containing the GAL4p DNA binding domain, BD) and the prey vector pGADT7
(containing the GAL4p activation domain, AD) along with the negative interaction control
pair, pGBKT7-Lam/pGADT7-T (Lam/T) and positive interaction control pair, pGBKT7-
P53/pGADT7-T (P53/T). PGBKT7-Lam encodes the Gal4p BD fused with Lamin.
PGBKT7-53 encodes the Gal4p BD fused with murine p53. PGADT7-T encodes the Gal4
AD fused with the SV40 large T-antigen. The PCL1 plasmid (which encodes the full length
Gal4p, served as the strongest positive control) as well as the AH109 and the Y187 reporter
strains are also included in the kit. PGBKT7-VP16 (BD-VP16) was made by cloning the
VP16 activation domain into the EcoRI/SalI sites of the pGBKT7 vector as a positive
control for the self-activators. The AH109-yEGFP reporter strain was constructed as
described (7). The Y187-yEGFP reporter strain was constructed as follows: the GAL1
promoter was amplified from the pYM_N22 plasmid (EUROSCARF) with OJC-201 (5’-
AGgtcgacGAGCTCTAGTACGGATTAG-3’) and OJC-202 (5’-
gggttaattaaATCCGGGGTTTTTTCTCCTT-3’) primers. The amplified GAL1 promoter
fragment was inserted into the SalI/PacI sites of PKT127 plasmid (EUROSCARF) to make
the GAL1-PKT127 plasmid which contains the yEGFP reporter driven by the Gal1
promoter. Two primers OJC-221 (5’-
aagcttttgaccaggttattataaaagaaacttcatgctcgaaaaagCGAGCTCTAGTACGGATTAG-3’) and
OJC-197 (5’-
tttatattatttgctgtgcaagtatatcaataaacttatatattaTTAGAAAAACTCATCGAGCA-3’) were used
to amplify the cassette containing the Gal1 promoter-yEGFP-Km from the GAL1-PKT127
plasmid. The resulting PCR products were purified and transformed into Y187 cells by the
standard LiAC/PEG method. The selection of G418 resistant transformants was performed
on YPD media supplemented with 400 μg/ml G418. After 3 days, 3 colonies were picked
and transformed with the Lam/T, P53/T and PCL1 plasmid to evaluate GFP expression. The
strains with the lowest GFP signal for the Lam/T pair and the highest signal for the P53/T
pair or PCL1 were chosen for future use. Chromosomal integration of the yEGFP gene was
confirmed by PCR and DNA sequencing.

Preparation of the bait and prey stock plates
The bait constructs, BD, BD-Lam, BD-P53 and BD-VP16 were transformed into the
AH109-yEGFP reporter cells by the standard LiAc method (28) and the transformants were
selected on SD-T (Synthetic media lacking Tryptophan) plates. Colonies were streaked once
and grown in SD-T liquid media overnight. Glycerol was added to the cultures (20% final
concentration) and arrayed in a 96-well plate called the “bait plate” as follows: 200 μl
AH109-yEGFP strains bearing BD, BD-Lam, BD-P53 and BD-VP16 bait constructs were
added respectively into each well of 3 separate columns of the bait plate (BD: column 1–3,
BD-Lam: column 4–6, etc). The prey constructs, AD, AD-T, and PCL1 were transformed
into the Y187-yEGFP reporter cells and the transformants were selected on SD-L (Synthetic
media lacking Leucine) plates. Colonies were streaked once and grown in SD-L liquid
media overnight. Glycerol was added to the cultures to a final concentration of 20% and
arrayed in a 96-well prey plate as follows: 200 μl Y187-yEGFP strain bearing AD and AD-T
prey constructs were added respectively into each well of 3 rows of the prey plate while the
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last two rows were arrayed with the Y187-yEGFP bearing PCL1 plasmid. The bait and array
plates were frozen at −80°C. The plate maps are shown in Figure 3.

Flow cytometry Array approach for analysis of protein-protein interaction
The bait and prey plates were thawed and 2 μl cells were transferred into new 96-well plates
filled with 200 μl SD-T and SD-L respectively to grow overnight to 0.6–1.5 OD595. 50 μl
bait cells and 50 μl prey cells (~105 cells) were mated for 18–20 hrs in a 96-well deep well
plate filled with 100 μl 2xYPD media supplemented with 50 μg/ml kanamycin (to prevent
bacterial contamination). The rest of cells in the bait and prey plates were added to 100 μl
PBS/BSA solution and the GFP signal was analyzed by HyperCyt/Cyan HT flow cytometry
at UNMCMD to determine the self-activators. After mating, the deep-well plates were spun
at 1000 xg for 5 minutes and the supernatants were poured off. The wells were washed with
200 μl SD-T-L-H media (synthetic media lacking Tryptophan, Leucine and Histidine) once
and resuspended in 1 ml SD-T-L-H supplemented with 50 μg/ml kanamycin to select the
positive interaction pairs. 100 μl cells from wells A2, A5, A7, A11, E2, E5, E7, E11, H2,
H5, H7, and H11 were spread to SD-T-L plates to determine the mating efficiency for each
bait/prey combination. The mating efficiency was determined by the number of colonies
grown on the SD-T-L plate divided by the number of bait or prey cells (whichever is less)
used for mating. At 0, 24, 30, 48, 56, 72, and 96 hrs post-mating, 100 μl cells from each well
were transferred to a clear round bottom 96-well plate to measure OD595 for scoring the
His3 reporter. Subsequently, 100 μl PBS with 0.1%BSA was added to the same plate and the
GFP signal was analyzed by HyperCyt® flow cytometry.

HT flow cytometry analysis of yeast cells
A HT flow cytometry platform containing HyperCyt® auto sampler (IntelliCyt) and CyAn
ADP cytometer (Beckman Coulter) was used to analyze GFP expression in yeast cells
grown in 96-well plates (29). Briefly, 100 μl cells were transferred to a new 96-well plate
and 100 μl PBS/BSA buffer was added to each well by Nanoquot liquid dispenser (Biotek).
The plate was mixed and read by HyperCyt® flow cytometry. 1,000–5,000 events were
sampled from each well by using the following settings on the Cyan cytometer: FSC (Peak,
Gain 2.5), SSC (Log, 360V), FL1 (Log, 570V). FITC MESF beads were run daily for
calibration. HyperView software was used for data analysis. The mean GFP fluorescence
and the percentage of positive cells in each well were calculated.

Measurement of OD595
100 μl cells were transferred to a clear round bottom 96-well plate and measured by plate
reader (Biotek) for absorbance at 595 nm.

Results
Establishment of GFP reporters in both mating type reporter yeast cells: AH109 and Y187
strain

We are using AH109 (MATa) and Y187 (MATα) Y2H reporter strains for mating in both
the array and library screen approaches. The bait construct is often transformed in AH109
cells and the prey constructs or cDNA library is transformed in Y187 cells. We previously
established the AH109-yEGFP reporter strain in which the GFP reporter was demonstrated
to have equal or greater sensitivity than the His3 and LacZ/MEL1 reporters (7). In order to
generate two copies of GFP reporters in the mated diploid cells, we established a novel
Y187-yEGFP reporter strain by integrating the yEGFP reporter at the ADE2 locus in Y187
cells using PCR based gene replacement. The Y187-yEGFP reporter strain was evaluated
with Lam/T (negative control pair), P53/T (positive control pair) and PCL1 (the strongest
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positive control, encoding Gal4p). Both the P53/T interaction pair and the full-length Gal4p
generated significant GFP expression in the Y187-yEGFP strain compared to the negative
control Lam/T pair (Fig. 2). The Y187-yEGFP strain bearing the P53/T pair showed 69.9%
GFP positive cells with signal/background ratio of ~10, which is very similar to the AH109-
yEGFP strain bearing the P53/T pair (7). Gal4p generated ~100% GFP positive cells with
signal/background ratio of ~100. These data indicate that the yEGFP reporter has been
successfully established in the Y187 reporter cells. Thus, the chromosomally integrated
yEGFP reporter in both the AH109 and Y187 strains allows the generation of two copies of
the GFP reporter gene in mated diploid cells, which may increase the detection sensitivity.
Moreover, it allows the easy determination of the self-activators originating from both bait
and prey constructs (described below).

Analysis of self-activating bait and prey constructs by HT flow cytometry
Self-activating constructs refer to the bait or prey constructs in Y2H assays that activate
Y2H reporters on their own without the occurrence of protein-protein interactions. This is
observed more often for bait constructs and occasionally for prey constructs. For example,
eukaryotic transcription factors, when fused with BD (bait constructs), often self-activate
Y2H reporters. Other BD-fused proteins with features that can induce transcription in yeast
also activate Y2H reporters (13). These self-activators in Y2H assay are often required to be
determined prior to the HT screen and removed from the bait pools or prey arrays. We tested
whether the flow cytometry based approach can be readily applied to determine the self-
activators in a high throughput manner. Two self-activators, AH109-yEGFP bearing the BD-
VP16 plasmid encoding the fusion protein of the Gal4BD and the VP16AD as well as Y187-
yEGFP bearing the PCL1 plasmid were arrayed respectively in the bait and prey plate as
shown in Fig. 3A. The GFP signal of cells in each well of the bait and prey plates was
measured by HT flow cytometry (Fig. 3B, C). Compared to the wells containing the non-
self-activating baits, such as BD, BD-Lam and BD-P53, all 24 wells in columns 10, 11, and
12 containing BD-VP16 showed clear GFP signal (Mean GFP fluorescence = 635.4±21.5)
with 33.5% GFP positive cells (33.5±0.6). Compared to the wells containing non self-
activating prey constructs, all 24 wells in row G and row H containing PCL1 triggered
extremely high GFP expression (Mean GFP fluorescence = 1962.9±93.2) with almost 100%
GFP positive cells (99.8±0.1). This indicates that the GFP reporter in both strains is suitable
for detection of self-activators in a high throughput manner. Therefore, this HT flow
cytometry based Y2H system affords unique advantages for analysis of self-activators.

Evaluation of an integrated liquid handing array approach for analysis of PPIs
To eliminate the agar plating and the lacZ assay procedures in the current Y2H array
approach, we evaluated an integrated liquid handling Y2H array approach carried out in a
96-well plate by employing HT flow cytometry analysis of the yEGFP reporter (Fig. 1B).

To mimic the standard Y2H array approach, we made frozen stocks of the bait and prey cells
in 96-well plates. The bait plate was arrayed with the AH109-yEGFP cells bearing the bait
constructs BD, BD-Lam, BD-T and BD-VP16. The prey plate was arrayed with the Y187-
yEGFP cells bearing the prey constructs AD, AD-T and PCL1. Plate maps are shown in Fig.
3. The cells in each well of the bait plate were mated with cells in the corresponding well of
the prey plate (for example, bait A1 mated with prey A1). This mating strategy generated 6–
9 replicates of 12 bait/prey pairs including: 1) 9 replicates of one positive control pair, P53/
T; 2) 9 replicates of five negative control pairs, BD/AD, BD/T, Lam/AD, Lam/T and P53/
AD and 3) 6–9 replicates of the self-activators, BD-VP16 or PCL1 pairing with any other
constructs (in rows G and H and columns 10–12).
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Next, we optimized the mating conditions in 96-well deep well plates as follows: 1) the bait
and prey cells were grown to 0.6–1.2 OD595 prior to mating; 2) 50 μl bait cells (~105 cells)
and 50 μl prey cells were mated in 100 μl 2xYPD media for 18–20 hrs. Under these
conditions, the cell density of the post-mating culture is ~10 7 cells/ml. The mating
efficiency of 12 wells representing the 12 bait/prey pairs was determined as follows: 1)
negative controls: 0.48% (BD/AD, Well A2), 0.47% (Lam/AD, well A5), 0.26% (P53/AD,
well A7), 0.44% (BD/T, well E2) and 0.62% (Lam/T, well, E5); 2) positive control: 0.23%
(P53/T, well E7); 3) self-activators: 0.13% (BD-VP16/AD, well A11), 0.10% (BD-VP16/T,
well, E11), 0.28% (BD-VP16/PCL1, well H11), 0.53% (BD/PCL1, H2), 0.55% (Lam/PCL1,
well H5), and 0.25% (P53/PCL1, well H7). This indicates that the mating efficiency in each
well is between 0.1–1%, and the mating efficiency of the positive control P53/T is equal or
lower than the negative controls.

Then, we evaluated the GFP reporter and determined the optimal assay time for
identification of P53/T interaction by measuring the GFP signal at 0, 24, 30, 48, 54, 72, and
96 hrs post-mating (Fig. 4). We first determined the appropriate region (gate) for data
analysis by displaying the cell populations from the whole 96-well plate in a forward scatter
versus side scatter dot plot at 0, 24 and 72 hrs time points (Fig. 4A). At the zero time point,
~95% cells were in the R1 region. A distinct yeast cell population in the R2 region with
similar FSC but larger SSC values appeared after 24 hrs. The percentage of cells in the R2
region reached ~20% at 24 hrs and increased to ~50% at 72 hrs and 96 hrs (Fig. 4A and data
not shown). To determine if the R2 region needs to be included for data analysis, we
compared the GFP histogram of the cells in the R1, R2 and R1 plus R2 regions from the
whole 96-well plate at 72 hrs (Fig. 4B). 45.4% cells were GFP positive in the R1 region
whereas only 8.0% cells were GFP positive in the R2 region. The overall percentage of GFP
positive cells decreased to 25.2%. These data indicate that cells in the R2 region contain a
minor portion of GFP positive cells. We also displayed the GFP histogram of the R1 and R2
regions in individual wells at 72 hrs. For example, in well 43 containing the P53/T pair, the
percentages of GFP positive cells were 23%, 7% and 16% in the R1, R2 and R1 plus R2
regions, respectively. In well 90 containing the Lam/PCL1 pair, the percentages of GFP
positive cells were 91%, 26% and 60% in the R1, R2 and R1 plus R2 regions, respectively
(data not shown). These results also showed that the R2 region contains much fewer GFP
positive cells than the R1 region. Cells in the R2 region were likely to be dying haploid or
diploid cells that couldn’t grow in the SD-T-L-H media. This agrees with the observation
that cells in the R2 region showed similar FSC but larger SSC as well as higher background
FL1 fluorescence compared to cells in the R1 region (Fig. 4A, 72hrs). Therefore, only cells
in the R1 region were used in the subsequent data analysis. We then evaluated GFP
expression at different time points by analyzing the GFP histogram of the cells on the whole
plate (Fig. 4C) and by displaying and quantifying the GFP signal (Log FL1) of cells in each
well (Fig. 4D–F). Because 51 wells would be anticipated to express GFP in the 96-well plate
format, including 42 wells containing the self-activators and 9 wells containing the P53/T
positive control, the GFP histogram of the whole plate would define the optimal assay time
point. At the zero time point, 18.2% cells from the whole plate were positive (Fig. 4C).
These positive cells were contributed by the haploid cells bearing self-activators, AH109-
GFP/BD-VP16 (columns 10–12) and Y187-GFP/PCL1 (rows G and H), as shown in Fig. 4D
(Fig. 4D, 0 hr). The percentage of GFP positive cells decreased to 11.2% at 24 hrs,
indicating that the percentage of GFP positive haploid cells was decreased and that the
diploid cells were growing. The percentage of GFP positive cells increased to 19.3% at 48
hrs and reached a plateau of 45.4% at 72 hrs and remained 43.6% at 96 hrs (Fig. 4C and data
not shown). These data show that the diploid cells bearing the positive triggers (positive
interactions or self-activators) started to overgrow after 48 hrs and dominated after 72 hrs
incubation, suggesting that 72 hrs is the optimal time to assay PPIs.
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To evaluate the GFP signal in the wells containing positive control P53/T mating, we
displayed the FL1 signal of the cells in each well and quantified the GFP signal to compare
the P53/T pair and the negative control pairs using Lam/T as an example (Fig. 4D–F). At 0
and 24 hr time points, only the wells containing self-activators (columns 10–12 as well as
rows G and H) showed GFP signal due to the GFP positive haploid cells whereas the wells
containing all five negative controls and the positive control P53/T did not show any GFP
positive cells. A small population of GFP positive cells in the P53/T wells appeared at 48 hrs
(Fig. 4D) while a larger population of GFP positive cells was shown clearly in all the P53/T
wells at the 72 hr time point and remained at the same level at 96 hrs (Fig. 4D and data not
shown). No GFP positive cells were detected in the wells containing 5 negative control pairs
(45 wells) at any time points (Fig. 4D). The percentage of GFP positive cells in the wells
containing the self-activators BD-VP16 (columns 10–12) or PCL1 (rows G and H) also
increased significantly at 72 hrs compared to that at 24–48 hrs (Fig. 4D). These data further
confirm the whole-plate histogram analysis (Fig. 4C) and show that 72 hrs post-mating is an
optimal time point to detect the P53/T interaction. The percentage of GFP positive cells in
the P53/T and Lam/T wells were quantified in Fig. 4E, showing that the percentage of GFP
positive cells in the P53/T wells increased to 3–5% at 30–48 hrs and reached a plateau
(23.8% ±3.1) at 72 hrs, which remained at the same level (23.5%± 3.4) at 96 hrs. The mean
GFP fluorescence in the P53/T wells also reached the peak at 72 hrs (156.4±16.2) and
decreased slightly (116±19.2) at 96 hrs (Fig. 4F). Both the percentage of GFP positive cells
and the mean GFP fluorescence in the Lam/T wells and the other negative control wells
remained at the same low level at different time points (Fig. 4E, 4F and data not shown). It
is noteworthy that the mating efficiency of the negative control pairs was equal to or greater
than the P53/T pair, ruling out the possibility that the negative results from these wells were
due to the failure of mating. These data demonstrate that the interaction of the P53/T pair
can be consistently detected in all 9 wells by flow cytometry at 72 hrs post-mating and the
longer incubation time (96 hrs) still generated a significant GFP signal. They clearly show
that GFP is a robust and reproducible reporter and that the flow cytometry array approach
can be utilized for identification of PPIs in a high throughput manner.

Finally, we evaluated the His3 reporter gene in the liquid array approach. The cell growth in
the selective media lacking histidine (SD-T-L-H) was scored by measuring OD595 at
different time points. The wells containing PCL1 (0.91 OD) and the P53/T pair (0.83 OD)
showed statistically significant faster cell growth than that containing the Lam/T pair (0.61
OD) at 72 hrs post mating, suggesting that His3 could be used as a reporter gene in the array
approach (Fig. 5). However, weobserved a significant and continuous cell growth (from 0.2
OD to 0.6 OD) in wells containing the Lam/T pair and other negative controls after mating
(Fig. 5 and data not shown). The background cell growth may be due to the leaky expression
and moderate stringency of the His3 reporter genes since we removed the YPD media by
washing the wells with SD-T-L-H media after mating. This is commonly observed and
typically overcome through the use of the His3 competitor 3-aminotriazole (3-AT) in the
medium in the plate-based array approach. Addition of an appropriate amount of 3-AT may
increase selection stringency in our assay, but the His3 reporter in our approach is not
necessary as we are measuring GFP expression in the diploid cells which are selected by the
Trp and Leu markers.”

Discussion
Flow cytometry has been widely used in numerous aspects of biological research because of
its unique capability for high content, multiplex and single cell analysis (24,25). We have
employed flow cytometry in Y2H assays to improve the automation and throughput of both
library screening and array approaches. We created a surface-display reporter in the Y2H
system for HT library screening and proposed employing next-generation sequencing
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technology to determine clone identity (11). The robust flow cytometry based array
approach presented in this study adds an alternative method for large-scale analysis of PPIs.
The Y2H array approach is currently only used in a limited number of labs due to the
unavailability of cDNA clone arrays. However, with the completion of interactome mapping
projects in human, worm, yeast and other model organisms (30–33), the array format of
cDNA clones in these species would be available and allow academic labs to identify the
PPIs from defined arrays in the very near future. The flow cytometry based Y2H array
approach demonstrated in this study is amenable to large-scale assays and affords these
unique advantages. First, it allows easy determination of self-activators originating from
both bait and prey constructs in a HT manner, which is difficult to achieve with the
relatively laborious LacZ assay. Furthermore, quantitative analysis of GFP expression by
flow cytometry allows the identification of binding partners of weak self-activators. We
previously showed that the influenza NS1 protein is a weak self-activator in the Y2H system
as evident from the fact that NS1 itself could trigger HIS3, MEL1 and GFP reporter
expression (7). However, much stronger GFP expression could be detected by flow
cytometry when BD-NS1 was co-expressed with AD-NS1 or AD-NS1BP (NS1BP: a known
NS1 binding protein, our unpublished data). This feature allows us to include the self-
activators in the array and to identify their binding partners, which is difficult to achieve in
the other Y2H system. Thus, our system provides a more convenient and quantitative
method than the current standard array approach to analyze the self-activators. Second, it
allows easy automation with liquid handling. The whole liquid assay process we
demonstrated can be easily automated by a liquid handling robot except for a washing step
to replace the YPD media with the selective media, which requires simple manual
manipulation. This step can also be automated via the utilization of commercially available
plate washers that can aspirate supernatant from plates and wash with buffer. In addition, it
has been reported that the 100-fold dilution of YPD media with selective media is able to
minimize the effect of YPD (19). This strategy could be applied to our approach. In this
study, we intentionally washed the wells to eliminate the effect of YPD media on cell
growth in order to evaluate the His3 reporter properly. Third, it allows prompt reading of the
plates by flow cytometry without additional treatment, such as lysing cells, and adding
substrate required for the LacZ assay in the microtiter plate. Based on our screening
experience, we can process ~120 96-well plates (more than 10,000 samples) per cytometer
per day. Fourth, the GFP reporter produces much lower background signal than the His3
reporter does, which is evident from the result that the GFP signal remains at a very low
level in all 45 wells containing negative control pairs whereas the cells in these wells
showed significant growth in media lacking histidine. This makes the GFP reporter more
suitable than the His3 reporter in the liquid Y2H array approach. Finally, it allows a large
assay time window. The evaluation of the P53/T interaction showed that the optimal assay
time point was 72 hrs post-mating and that the longer incubation time (96 hrs) did not affect
the GFP signal significantly. The assay time is dependent on the time required for diploid
cells containing the positive interaction pairs to overgrow in the culture, which is determined
by the mating efficiency and the doubling time of diploid cells. Since the mating efficiency
of 0.1% in the microtiter plates is routinely achievable, the assay time is largely dependent
on the doubling time of diploid cells. The diploid cells bearing positive interaction pairs
generally divide every 3–5 hrs in selective media. We observed that the doubling time for
diploid cells bearing the BD/PCL1 or P53/T pairs is approximately 2 hrs and 3 hrs,
respectively. Therefore, the diploid cells containing the P53/T pair will dominate the culture
after 72 hrs growth. In the worst case, in principle, if 105 bait and prey cells were used to
mate and only one diploid cell was produced (where the mating efficiency is 0.001%), and
the total cell count in the after-mating culture is ~1 million, the ratio of diploid cells in the
post-mating culture is 1/106. If the doubling time is 3–4 hrs, the diploid cell count will be ~1
million (220) after 72 hrs. In addition, the haploid cells may die in the selective media after
72 hrs, and can be gated out by flow cytometry as we observed (Fig. 4A). Thus, after 72 hrs,
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the diploid cells will dominate the culture and allow detection of the GFP signal by flow
cytometry. We therefore believe that 72 hrs growth post-mating may be sufficient for the
detection of most PPIs. A longer incubation time, such as 96 hrs, may be used for extremely
slowly growing diploid cells. Taken together, these advantages make the flow cytometric
GFP array approach a robust and attractive method for large-scale analysis of PPIs.

The multiplexing capability of flow cytometry affords another potentially unique advantage
to analyze multiple bait proteins simultaneously. Multiple bait strains can be genetically
color-coded with red fluorescent proteins, mixed and distinguished by flow cytometry,
allowing the analysis of multiple bait proteins against prey arrays in a pair-wise manner
simultaneously. This is difficult to achieve with the other platform. By pooling the same
color-coded strains, our approach also allows analysis of multiple bait pools without
increasing the assay complexity. We are currently developing strategies to genetically color-
code the AH109-yEGFP cells with fluorescent proteins that don’t interfere with the GFP
reporter signal.

In summary, this flow cytometry based Y2H array approach affords an alternative method
for HT Y2H assays and adds a powerful new assay to the toolbox of flow cytometry-
associated proteomics technologies. With the availability of arrayed cDNA libraries, we
speculate that this unique flow cytometry based approach will become a very useful tool in
large-scale analysis of PPIs, particularly, in the identification of host-pathogen PPIs.
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Fig. 1.
Schematic diagram of the flow cytometry based array approach (B) and the comparison with
the current agar plate based (A) and liquid LacZ based (C) approaches. –L-T-H: yeast
synthetic media without leucine (L), tryptophan (T) and histidine (H). * This step is optional
in high throughput screens.
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Fig. 2.
Flow cytometry analysis of chromosomally integrated yEGFP reporter fluorescence in the
Y187 strain. Y187-yEGFP cells were transformed with several protein pairs and the colonies
grown on SD-L-T plates were suspended in PBS buffer and used for GFP fluorescence
analysis by flow cytometry. The percentage of positive GFP cells triggered by the P53/T and
BD/PCL1 constructs were shown by using the Lam/T pair as the negative control.
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Fig. 3.
Determination of the self-activators by flow cytometry. A) The plate map for AH109-
yEGFP cells bearing various bait constructs (bait plate) are shown in the left panel. The
plate map for the Y187-yEGFP cells bearing prey constructs (prey plate) are shown in the
right panel. B, C) Flow cytometry analysis of the GFP signal (FL1 Log) in each well of bait
(B) and prey (c) plates. 2 μl cells from the stock bait and prey plates were transferred to 100
μl SD-T and SD-L media respectively to grow over night. PBS/BSA buffer was added to the
each well and measured by HyperCyt flow cytometry row by row. The GFP signal (FL1
Log) of the whole plates (96 samples resolved by time) is shown.
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Fig. 4.
Evaluation of the flow cytometry based array approach by analysis of the GFP signal at
different time points post-mating. The bait plate and the prey plate were grown over night
and mated with each other in YPD media. Positive PPIs were selected in SD-T-L-H media
and cells were sampled at 0, 24, 30, 48, 54, 72 and 96 hrs post-mating to measure the GFP
signal by HyperCyt/CyAn flow cytometer. (A) FSC/SSC dot plot analysis of two
populations of cells in regions R1 and R2 from the whole 96-well plate at 0, 24 and 72 hrs
post mating. (B) Histogram analysis of GFP signals of the cells in regions R1, R2 and R1
plus R2 from the whole 96-well plate at 72 hrs post-mating. The percentage of GFP positive
cells in each region is shown. (C) Histogram analysis of the GFP signal of the cells in the
region R1 at 0, 24, 48, 72 hrs post mating. The percentage of GFP positive cells on the
whole plate at each time point is shown. (D) The GFP signal of the cells in each well at 0,
24, 48, 72 hrs post mating are shown in alignment. The 9 wells containing the P53/T mating
pairs at each time point are highlighted by red line. (E) The mean value of the percentage of
GFP positive cells (mean± SD) in all 9 wells containing the P53/T or Lam/T mating pairs
are shown as a function of time. (F) The mean value of the GFP fluorescence of the cells
(mean± SD) in all 9 wells containing the P53/T or Lam/T mating pairs are shown as a
function of time.
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Fig. 5.
Evaluation of the His3 Y2H reporter by measuring cell growth in the selective medium. The
bait and prey cells were mated as described in Fig. 4 and the mated cells were grown in SD-
T-L-H media. Cells were sampled at 0, 24, 30, 48, 54 and 72 hrs post-mating to measure the
optical density at 595 nm by plate reader. Statistical analysis of OD595 of Lam/T wells
(n=9), P53/T wells (n=9) and BD/PCL1 wells (n=6) was performed by the unpaired t-test
using GraphPad Prism 5.
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