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During the evolution of life, biological 
membranes have been critical for estab-
lishing barriers, thus allowing molecules in 
cells to be concentrated and separated. It 
is essential for living cells that membranes 
incorporate proteins to manage commu-
nication with the environment or perform 
uptake and export of molecules (1). 
Membrane proteins are encoded by 
approximately one third of an organism’s 
genome and have therefore received 
special attention as putative drug targets. 
Indeed, more than 60% of approved drugs 
target membrane proteins (2). Additional 
drug targets may also be identified by the 
discovery of new protein-protein interac-
tions (PPIs) between membrane proteins 
and their ligands.

The classical Y2H system as developed 
by Fields and Song (3) is based on inter-
actions of protein complexes within the 
nucleus and cannot be used to study 
the membrane interactions of full-length 
membrane proteins. A split-ubiquitin system 
(SUS) has therefore been established (4–6). 
Yeast-based PPI screens always yield a 
variable number of false positive interactors 
because potential interacting proteins are 

expressed in all cell compartments when 
testing for PPIs using a cDNA library. These 
falsely identified interactors are technically 
sometimes not false, but compartmental-
ization may prevent some of these identified 
PPIs from ever occurring under physiological 
conditions. To improve the membrane SUS, 
we have modified the bait vector pBT3-SUC 
for type I membrane proteins to allow for 
selective screening of surface proteins with 
a higher stringency.

The SUS is based on ubiquitin comple-
mentation (7). Ubiquitin is a conserved 
protein of 76 amino acids that is responsible 
for marking proteins for degradation by the 
26S proteasome (8). Interestingly, ubiquitin 
can be split into two parts, N-terminal (Nub) 
ubiquitin and C terminal ubiquitin (Cub), that 
are able to re-associate in vivo and form 
active ubiquitin. This spontaneous process 
can be inhibited by introduction of a point 
mutation (I13G) into Nub, converting the 
mutated NubG and the wild-type Cub into a 
composite sensor protein suitable for PPI 
screening (6). The bait protein of interest is 
fused to Cub and the prey protein to NubG. 
The reporter protein cassette LexA-VP16 
is fused to Cub. LexA is a DNA binding 

domain (9), and VP16 a transcriptional 
activation domain (10). When a PPI occurs, 
the reporter protein cassette LexA-VP16 
will be cleaved from Cub by de-ubiquinating 
enzymes (ubiquitin-specific proteases) 
and imported into the nucleus. There it will 
trigger the expression of typical reporter 
genes such as HIS3, ADE2 and lacZ and 
allow for growth on the respective drop-out 
media or for detection of b-galactosidase 
activity (Figure 1).

In contrast to the conventional Y2H 
system (3) the SUS does not need to 
import the entire bait-prey complex into the 
nucleus; therefore, it allows the use of full-
length membrane proteins for interaction 
studies in their native environment. However, 
we assume that the main problem when 
performing such split-ubiquitin screens is 
that the transport of the bait proteins to 
the yeast plasma membrane (PM) is not 
always guaranteed, for example when viral 
membrane proteins such as HIV-1 gp41 
are studied. In order to avoid this issue, 
we modified the bait vector pBT3-SUC by 
substituting the promoter, the signal peptide, 
and the transmembrane (TM) sequences 
with those of the yeast cell wall integrity 
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METHOD SUMMARY
The widely used split-ubiquitin system was modified using the transmembrane domain of the yeast receptor Wsc1. This 
increases the screening stringency and enhances the selectivity for those proteins localized in the plasma membrane.
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sensor Wsc1. This well-characterized sensor 
is predominantly found in the PM of Saccha-
romyces cerevisiae (11–13). We therefore 
utilized its ability to localize bait proteins to 
the PM (where they are available for inter-
action with prey proteins) for monitoring PPIs.

Material and methods
Molecular cloning
The bait vector pBT3-SUC-gp41TMgp41 was 
cloned using the PCR primer pair DI015/
DI016 (primer sequences are listed in Supple-
mentary Table S1) containing a 5´ SfiI linker 
(GGCCATTACGGCC) and a 3´ SfiI linker 
(GGCCGCCTCGGCC). These primers were 
used to amplify the gp41 coding sequence 
(codons 534–709, accession no. AY669735.1) 
using PfuUltra HF DNA polymerase (Agilent 
Technologies, Waldbronn, Germany) and 
the pNL4–3 (14) vector (AIDS Reference and 
Reagent Program, NIAID, NIH, Bethesda, 
MD) as template. The amplicon was digested 
with the SfiI restriction enzyme [New England 
Biolabs (NEB), Frankfurt, Germany] overnight 
at 50°C. The digested fragments were ligated 
with T4 DNA ligase (NEB) into the SfiI-digested 
vector pBT3-SUC (Dualsystems Biotech AG, 
Schlieren, Switzerland). The prey vectors 
pPR3N-CD63 (containing the full-length 
human CD63 sequence, codons 1–238, 
accession no. KF998086) and pPR3-N-
EBP (containing the full-length human 
emopamil binding protein, EBP, sequence, 
codons 1–230, accession no. KJ921656) 
were isolated from split-ubiquitin screens as 
putative interacting partners of gp41 against 
a Jurkat cDNA library (Dualsystems Biotech 
AG). To construct the vector pBT3-WSC1-
gp41TMgp41, plasmid pBT3-SUC-gp41TMgp41 
was used to substitute out the promoter 
and the SUC2 signal sequence for the yeast 
WSC1 promoter and the Wsc1 signal peptide 
sequence by a one-step in vivo recombi-
nation in yeast. For this purpose, the WSC1 
sequences were amplified by PCR from 
plasmid pSK27 (15) using the oligonucleotides 
DI017/DI018 as primers. The PCR product was 
co-transformed with pBT3-SUC-gp41TMgp41 
linearized at the single XbaI site into the diploid 
yeast strain DHD5 (16), selecting for leucine 
prototrophy. Plasmids were isolated from the 
yeast transformants and amplified in E. coli 
DH5a, selecting for kanamycin resistance. 
The resulting plasmid was then linearized at 
the single PstI site to facilitate another in vivo 
recombination in yeast. For this purpose, the 
linearized plasmid was co-transformed with 
a PCR product obtained using the primers 

DI019/DI020 again on pSK27 as template 
DNA in order to introduce the sequence 
encoding the transmembrane domain of 
Wsc1. Yeast transformants were again 
selected on medium lacking leucine, plasmids 
were isolated and amplified in E. coli, and 
then subjected to restriction and sequence 
analysis. The resulting vector pBT3-WSC1-
gp41TMWSC1 was used for further investiga-
tions. The bait vector pBT3-WSC1-TMWSC1 
(containing only the TM sequence of Wsc1) 
was generated using the primers DI021/DI022 
to amplify the SfiI-5´-TMWSC1-3´-SfiI fragment 
from pBT3-WSC1-gp41TMWSC1 as template. 
The fragment SfiI-5´-TMWSC1-3´-SfiI was cloned 
into SfiI restricted pBT3-WSC1-gp41TMgp41 
vector. All cloned constructs were verified by 
restriction analysis and Sanger sequencing. 
Oligonucleotides (primers) were obtained 
from Sigma Aldrich (Steinheim, Germany).

Yeast transformation and 
yeast growth assay
S. cerevisiae strain NMY51 (Dualsystems 
Biotech AG) MATa his3D200 trp1–901 

leu2–3,112 ade2 LYS2::(lexAop)4-HIS3 
ura3::(lexAop)8-lacZ ade2::(lexAop)8-ADE2 
GAL) was grown on yeast extract-peptone-
adenine-dextrose (YPAD) plates containing 
1% yeast extract (Carl Roth, Karlsruhe, 
Germany), 2% peptone (Carl Roth), 2% 
glucose (dextrose) (Carl Roth) and 0.004% 
adenine sulfate (neoLab, Heidelberg, 
Germany). Transformed yeast was grown on 
0.67% synthetic yeast medium (Difco Yeast 
Nitrogen Base w/o Amino Acids; Becton 
Dickinson and Company, Le pont de Claix, 
France), 2% glucose, supplemented with 
the indicated amino acids W (tryptophan), 
L (leucine), H (histidine), the nucleic acid A 
(adenine sulfate), and 10 × single dropout 
(SD) mix containing 200 mg/L arginine-HCl, 
1500 mg/L valine, 300 mg/L isoleucine, 300 
mg/L lysine, 200 mg/L methionine, 500 
mg/L phenylalanine, 2000 mg/L threonine, 
300 mg/L tyrosine, 200 mg/L uracil (all ultra 
pure L-amino acids and the nucleic acid 
uracil were obtained from Sigma Aldrich). 
The final YPAD yeast medium was adjusted 
to pH 6.5 and the SD medium was adjusted 

Figure 1. Main components of the membrane-based split-ubiquitin system (SUS). (A) NubG is not able to as-
sociate spontaneously with Cub to form a complete ubiquitin. (B) An interaction of the bait and prey proteins 
allows association of NubG with Cub. (C) The reconstituted whole ubiquitin will be recognized by deubiquitinat-
ing enzymes (Dub), and the chimeric reporter protein LexA-VP16 is cleaved from the bait protein complex. 
(D) The reporter protein cassette, LexA-VP16, is transported into the nucleus where (E) LexA binds to the pro-
moter region, and VP16 activates the transcription of typical reporter genes, such as HIS3, ADE2, and lacZ.
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to pH 5.8. To suppress auto-activity, yeast 
media were supplemented with 3-amino-
1,2,4-triazole (3-AT) (Sigma Aldrich) dissolved 
in pure water. Fourteen g/L agar-agar (Carl 
Roth) was added to prepare yeast plates. 
We verified the genotype of S. cerevisiae 
reporter strain NMY51 by growth analysis 
on media lacking leucine (SD L), tryptophan 
(SD W), histidine (SD H), adenine (SD A), and 

uracil (SD U). Absence of growth on SD L, 
SD W, and SD U plates was confirmed, 
and only detached small colonies (around 
2 mm in diameter) were observed on SD 
H and SD A plates. These are considered 
to be background growth due to the slight 
leakiness of the HIS3 and ADE2 genes. All 
solutions that could not be autoclaved were 
filter sterilized using 0.2 mm filters (Schleicher 

& Schuell Bioscience, Dassel, Germany). 
The stock solution of 1M 3-AT was always 
prepared fresh and was added after the 
temperature of the yeast media dropped 
below 50°C. All transformations to obtain the 
relative functionality values were performed 
in the same way. YPAD medium (50 mL) 
was inoculated with an overnight culture, 
diluted to an optical density (OD600) of 0.15, 

Figure 2. Design and functional characterization of modified bait vectors. (A) Schematic diagrams of unmodified and modified bait vectors. Modified bait vec-
tors contain the WSC1 promotor instead of the CYC1 (cytochrome C-1) promoter. SP: signal peptide from Suc2 or Wsc1; gp41TMgp41: gp41 containing TM from 
HIV-1; gp41TMWSC1: gp41 containing TM from Wsc1. (B) Amino acid sequences of the transmembrane domain from gp41 (underlined) and Wsc1. The TMgp41 
contains the polar amino acid R (pink arrow) and is flanked by several polar amino acids (red arrows). The complete region of the TMgp41 sequence (i) as dis-
played was exchanged for the TMWSC1 sequence by switching the coding sequences (ii). In contrast to TMgp41, TMWSC1 contains only hydrophobic amino acids. (C) 
Analysis of the relative functionality in percentage of unmodified vs. modified vectors. NMY51 yeast cells were transformed with the indicated bait vector, along 
with positive pAI-Alg5 (+) and negative pDL2-Alg5 (-) prey control vectors, and then grown on SD W-L-H (dark blue columns) or SD W-L-H-A (pale blue) selec-
tive plates. Error bars represent SD from 3 transformations (n = 3). (D) Yeast growth curve: optical density at 600 nm (OD600) is displayed as a function of time (t).
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and the cells were grown to an OD600 of 0.6 
before being pelleted and resuspended in 
2.5 mL H2O. To each transformation tube 
containing 100 ml resuspended yeast cells, 
we added 300 ml transformation mix (2.4 mL 
50% PEG (MW 3350), 360 ml 1 M Li-acetate, 
250 ml 2 mg/mL salmon sperm DNA (Sigma 
Aldrich) (15.3 A260 units/mg, boiled 2 times 
prior to use), and 1.5 mg of prey and bait 
plasmid DNA. Yeast cells were incubated at 
42°C for 45 min, pelleted, and resuspended 
in 150 ml 0.9% NaCl (Carl Roth). Yeast cell 
suspension (50 ml) from each transformation 
was plated onto SD W-L, SD W-L-H, and 
SD W-L-H-A selective plates. All transfor-
mations were performed in triplicate, and 
yeast colonies were counted to calculate 
the relative functionality using the formula:

(nselective = number of observed colonies 
on selective plates, nnon-selective = number of 
observed colonies on non-selective plates). 
To calculate the NETefficiency, we subtracted 
the relative functionality for CD63 on SD 
W-L-H-A plates from the relative function-
ality for EBP on SD W-L-H-A plates.

In order to perform pilot screens, we 
used yeast colonies expressing bait protein, 
inoculated 100 mL selective SD L medium 
with several colonies (minimum 20), and 
incubated this culture overnight at 30°C. 
The next day, we diluted the overnight 
culture in 200 mL SD L and let the yeast 
grow overnight before we diluted the yeast 
culture in 200 mL SD L to achieve an OD600 
of 0.15. This starter culture was incubated 
with shaking to reach an OD600 of 0.6 (2 cell 
divisions) and divided into 4 50-mL aliquots. 
The aliquots were pelleted, and each was 
resuspended in 30 mL H2O. The yeast cells 
were pelleted and resuspended in 1 mL 
Li-acetate/TE mix (1.1 mL 1M Li-acetate, 
1.1 mL 10x Tris-EDTA, pH 7.5, 7.8 mL H2O), 
pelleted again, and resuspended in 600 
µL mL Li-acetate/TE/PEG mix (1.5 mL 1 M 
Li-acetate, 1.5 mL 10x Tris-EDTA, pH 7.5, 12 
mL 50% PEG (MW 3350). To each 600 µL 
of resuspended cells, we added 7 µg library 
plasmid DNA (Jurkat cDNA library, NubG-X 
orientation; Dualsystems Biotech AG), 100 
ml salmon sperm DNA (2 mg/mL), and 2.5 
mL Li-acetate/TE/PEG mix. Yeast cells were 
incubated at 30°C for 15 min before adding 
160 ml DMSO (Carl Roth) and continuing the 
incubation at 42°C for 20 min. The yeast 

cells were incubated for 90 min at 30°C in 
YPAD medium, pelleted, and resuspended 
in 4.0 mL 0.9% NaCl. The yeast suspension 
was plated on SD W-L-H-A 2.5 mM 3-AT 
using a 32 × 45 × 1.5 cm custom-made 
stainless-steel plate and incubated at 30°C. 
We started to collect colonies on day 5 and 
picked the last colonies on day 9 after library 
transformation. Yeast cells were always 
centrifuged at 700 × g after adding solutions 
containing Li-acetate, otherwise yeast cells 
were centrifuged at 2500 × g.

Yeast growth curves were obtained using 
the transformed NMY51 yeast strain with the 
indicated bait vectors grown at 30°C in SD L 
liquid media. An overnight culture of trans-
formed yeast was diluted and adjusted to 
an OD600 of 0.10. The OD600 was measured 
at different time points in order to plot the 
OD600 as a function of time (t).

Proximity ligation assay–based detection 
of bait proteins within yeast cells
S. cerevisiae cells (NMY51) transformed 
with modified bait vectors pBT3-WSC1-
gp41TMgp41, pBT3-WSC1-gp41TMWSC1, 
and unmodified pBT3-SUC-gp41TMgp41, or 
untransformed NMY51, were grown, starting 
from an overnight culture, in selective SD L or 

relative  functionality %  = ×
−

n
n
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non selective

100
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YPAD media at 30°C from an OD600 of 0.15 
to 0.6. Yeast cells were pelleted and fixed in 
2% paraformaldehyde for 30 min, washed 
3 times in sorbitol buffer (1.2 M sorbitol, 
100 mM KH2PO4, pH 6.5) containing 0.5% 
2-mercaptoethanol, then spheroplasted 
with 100 U/mL lyticase (Sigma Aldrich) 
at 30°C, monitored by light microscopy 
(Nikon ECLIPSE E600; Nikon, Düsseldorf, 
Germany). The cells were harvested, washed 
in sorbitol buffer and dropped on poly-L-
lysine coated slides (Thermo Scientific, 
Braunschweig, Germany) within a 2 cm2 

PAP-pen (Sigma Aldrich) encircled barrier, 
excess liquid was removed, and the sphero-
plasts were air-dried completely before 
rinsing in 0.2% Triton-X/PBS for 10 min. The 
slides were then washed 3 times with sorbitol 
buffer and blocked with 30% normal donkey 
serum (Jackson ImmunoResearch, West 
Grove, PA) 1 h at room temperature. After 
blocking, the spheroplasts were incubated 
with the primary antibody goat anti-LexA 
(D-19, sc-1726; Santa Cruz Biotechnology, 
Heidelberg, Germany) overnight at 4°C at a 
concentration of 5 µg/mL. After incubation, 

the slides were washed extensively 3 times 
with PBS containing 0.1% Tween 20. All 
other steps were performed according to 
the Duolink II manual, using the proximity 
ligation assay (PLA) probe anti-goat PLUS 
and the PLA probe anti-goat MINUS 
secondary antibodies. To each encircled 
barrier, 8 mL Duolink II mounting medium 
(containing DAPI for nucleus staining) was 
added before placing the coverslip on a slide 
and sealing it with nail polish. All Duolink II 
detection reagents, mounting media, and 
PLA probes produced by Olink Bioscience 

Figure 3. Determination of optimal screening conditions and simulation of library screens. (A) Pilot screen to determine auto-activity mediated by the constructed 
bait vectors. Yeast cells were transformed with bait vectors and empty prey library vector pPR3-N. Auto-activity was tested under different media conditions as 
indicated. Error bars: SD (n = 3). (B) Simulated library screen performed on SD W-L-H-A, 2.5 mM 3-AT selective plates. Yeast cells expressing baits were trans-
formed with 7 mg of a Jurkat cDNA library; the numbers of clones observed are presented relative to the transformation efficiencies (white values within 
columns). (C) Subcellular localization percentages. Data obtained from pilot screen batch 1 where we achieved the highest transformation efficiencies.
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(Uppsala, Sweden) were obtained from 
Sigma Aldrich.

Confocal laser scanning microscopy 
(cLSM) and image analysis
All images were acquired using a Zeiss LSM 
780 confocal laser scanning inverted micro-
scope (Carl Zeiss, Oberkochen, Germany) 
and a 100× oil immersion objective. PLA 
signals were detected with ZEISS ZEN 
smart setup instrument settings for Texas 
Red analog dye and DAPI.

Determination of clone identity
We recovered the prey plasmid from each 
clone grown on SD W-L-H-A screening 
plates supplemented with 2.5 mM 3-AT. 
Briefly, clones were taken from a yeast 
plate (not older than 1 week), stirred into 5 
mL selective media SD W-L-H-A + 2.5 mM 
3-AT, and grown 48 h at 30°C. The cells 
were pelleted, resuspended in 250 ml buffer 
P1 (QIAprep Spin Miniprep Kit; Qiagen, 
Hilden, Germany). Based on the volume 
of the pellet, 1/4 volume glass beads with 
a diameter of 0.25–0.50 mm (Carl Roth) 
was added. The cell wall was cracked by 
vortexing for 2 min. In accordance to the 
protocol of the QIAprep Spin Miniprep Kit, 

prey plasmids were isolated from yeast and 
retransformed into chemocompetent E. coli 
XL1-Blue (Stratagene, Heidelberg, Germany). 
The prey plasmids were isolated from E. coli 
using the same Miniprep kit and sequenced 
using the forward primer DI023. Identity was 
analyzed using the Basic Local Alignment 
Search Tool (BLAST) (http://blast.ncbi.nlm.
nih.gov). Information about subcellular local-
ization of identified interacting partners was 
obtained using the tool COMPARTMENTS 
(17).

Statistical analysis
Results are expressed as mean ± standard 
deviation (SD). We used a 2-tailed, paired 
Student´s t-test to determine statistical signif-
icance, and a P-value < 0.05 was considered 
as significant between 2 groups.

Results and discussion
The split-ubiquitin bait vector pBT3-SUC-
gp41TMgp41 was modified using the 
sequences encoding the signal peptide 
(SPWSC1) and the transmembrane domain 
(TMWSC1) of Wsc1. In addition, control bait 
vectors containing only the SPWSC1 or only 
the TMWSC1 were generated to analyze 

the influence of the TMWSC1 on screening 
efficiency (Figure 2A). The full-length 
sequences of CD63 or of the emopamil 
binding protein EBP (also known as sterol 
isomerase) were used as prey. As baits, an 
insert of a gp41 construct containing the 
N-terminal heptad (NHR) and the C-terminal 
heptad (CHR) region, as well as the TMgp41 or 
TMWSC1 sequences were employed (Figure 
2B). The modifications also included the 
removal of the CYC1 promotor and its substi-
tution by the WSC1 promotor.

In order to test the functionality of these 
modifications and their possible influence 
on the performance of the bait vectors, a 
control assay based on the co-transfor-
mation of modified bait vectors and control 
prey vectors pAI-Alg5 (positive control prey 
vector) and pDL2-Alg5 (negative control 
prey vector) was used. The co-expression 
of the positive bait control vector pCCW-Alg5 
together with Alg5-NubI from pAI-Alg5 results 
in a re-association of split-ubiquitin by the 
strong affinity of wild-type NubI for Cub. This 
will activate reporter genes, allowing yeast 
colonies to grow on low SD W-L-H and on 
highly selective SD W-L-H-A plates. Yeast 
growth on SD W-L-H and SD W-L-H-A plates 
therefore indicates that the bait is functional 
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Figure 4. Investigation of selectivity using modified and unmodified bait vectors. (A) Diagram of the experiments determining the selectivity property of 
modified bait vectors vs. the unmodified bait vector. (B) Sequential determination of percentage growth on SD W-L-H and SD W-L-H-A selective media. (C) 
NETefficiency (difference of the percentage growth on SD W-L-H-A selective plates between CD63 and EBP). Increased selectivity of the bait against CD63 using 
TMWSC1 in the bait vector systems. All error bars: SD (n = 3). * P = 0.008; ** P = 0.765. (D) Confocal images of proximity ligation assay (PLA) signals showing 
the localization of bait proteins in spheroplasts of S. cerevisiae NMY51. PLA performed against the LexA epitope using goat anti-LexA antibody. Images show 
signals from PLA experiments (red) against the LexA epitope using S. cerevisiae (NMY51) spheroplasts transformed with (i) pBT3-SUC-gp41TMgp41, (ii) pBT3-
WSC1- gp41TMgp41, (iii) pBT3-WSC1- gp41TMWSC1 bait vectors, and (iv) untransformed yeast cells. Nuclei were stained with DAPI (blue). Scale bars: 2 µm.
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in the SUS. In contrast, when pCCW-Alg5 
is co-expressed with DL2-Alg5, the yeast 
transformants did not grow on selective 
plates because the mutated NubG is not 
able to re-associate spontaneously with Cub.

To quantify the performance of modified 
bait vectors, the percentage of growth on 
selective plates SD W-L-H and plates SD 
W-L-H-A versus non-selective plates SD 
W-L, which only reflect the transformation 
efficiency, was analyzed. More than 20% of 
the bait vectors conferred growth, which is in 
the range recommended by the Dualsystems 
manual to evaluate functionality. In fact, 
the functionality values for the vectors 
pBT3-WSC1-gp41TMgp41 and pBT3-WSC1-
gp41TMWSC1 were over 36% on SD W-L-H-A 
plates (Figure 2C). This indicated that all 
constructs are well-expressed and that the 
Cub was sufficiently exposed to be able to 
interact with the NubI.

The negative controls showed that Cub 
did not interact with NubG and that the 
reporter genes are not expressed sufficiently 
to allow growth on selective plates. The 
controls using the bait vector pCCW-Alg5 
with the prey vectors pAl-Alg5 (positive 
control) and pDL2-Alg5 (negative control) 
showed functionalities comparable to that 

of the modified vectors. These controls 
also confirmed that the baits used have the 
same orientation (outside-x-Cub-inside) as 
the positive control prey AI-Alg5 (outside-
x-NubI-inside). A possible switch to type II 
proteins was therefore excluded (18).

We further analyzed possible toxic 
effects on transformed yeast cells that may 
be caused by these modifications. The 
monitoring of yeast growth by OD600 affirmed 
that all transformed yeast cells cultured in 
non-selective media SD L (selective for yeast 
cells transformed with bait vectors) reached 
exponential growth, comparable to yeast 
cells transformed with the unmodified bait 
vector pBT3-SUC-gp41TMgp41 (Figure 2D). 
These data indicate that neither the substi-
tution of the CYC1 promoter nor the intro-
duction of SPWSC1 and TMWSC1 exerted a 
negative effect on the bait protein expression 
or were toxic for S. cerevisiae.

Optimized split-ubiquitin screening 
requires that the screening stringency be 
determined by supplementing media with 
3-AT. This compound competitively inhibits 
the enzyme imidazole-glycerol-phosphate 
dehydratase encoded by the HIS3 reporter 
gene (19,20). HIS3 is known to be subject 
to leaky expression (21), and therefore, the 

yeast growth should be tested on selective 
media for auto-activity, and if necessary, 
this should be supplemented with 3-AT to 
increase stringency and reduce the number 
of false positive interactors. The screens 
were carried out utilizing the S. cerevisiae 
reporter strain NMY51 with HIS3 and ADE2 
genes under the control of the lexA operator. 
The modified bait vectors pBT3-WSC1-
gp41TMgp41 and pBT3-WSC1-gp41TMWSC1 
and the unmodified pBT3-SUC-gp41TMgp41 
bait vector were co-transformed with the 
empty library prey vector pPR3-N. The 
optimal concentration of 3-AT suitable to 
suppress auto-activation (also known as 
self-activation) was determined by titration. 
The transformed yeast cells were streaked 
onto the selective plates SD W-L-H and SD 
W-L-H-A containing the indicated concen-
trations of 3-AT. The optimal screen strin-
gency was assessed by the absence of 
growing yeast colonies. All bait vectors 
tested for auto-activity lacked yeast growth 
at a 3-AT concentration of 1.0 mM on SD 
W-L-H-A (Figure 3A). Based on this obser-
vation, we concluded that the modifications 
introduced as shown in Figure 2A did not 
increase the auto-activity mediated by the 
bait constructs.
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In order to determine how the modifi-
cations affect the clone yields, a simulated 
split-ubiquitin screen with modified versus 
unmodified bait vectors was performed. 
For this purpose, we co-transformed each 
bait vector with 7 mg of a cDNA Jurkat cell 
library (NubG-x orientation), which comprises 
a complexity of 9 × 106 independent clones. 
The transformed yeast cells were streaked 
onto selective SD W-L-H-A plates supple-
mented with a higher 3-AT concentration of 
2.5 mM to avoid putative weak-interacting 
preys. Interestingly, the transformation with 
the cDNA library using the modified bait 
vector pBT3-WSC1-gp41TMWSC1 yielded 
the lowest amount of colonies on selective 
plates SD W-L-H-A supplemented with 
2.5 mM 3-AT (Figure 3B). Detecting PPIs 
with the modified bait vector pBT3-WSC1-
gp41TMWSC1 therefore seems to enhance 
the stringency in our split-ubiquitin screens. 
The introduction of the TM domain from 
Wsc1 apparently changed the number of 
observable clones grown on screening 
plates. In two screen batches, we consis-
tently observed a higher number of clones 
on selective plates when we used the bait 
vectors without TMWSC1, which may indicate 
that a large number of membrane proteins 
are already interacting with the original 
constructs in the endoplasmic reticulum 
(ER), rather than in the plasma membrane. A 
split-ubiquitin screen is virtually impossible to 
follow up when it yields an excessive number 
of clones. Therefore, the introduction of 
the TMWSC1 introduced a higher screening 
selectivity, which allows prey proteins to 
be detected only where they naturally 
accumulate. To study this, prey plasmids 
were isolated and their identities were deter-
mined by sequencing and BLAST analysis 
(Supplementary Tables S2–S4). The subcel-
lular localization of the identified proteins 
was determined using the tool COMPART-
MENTS. Using the bait vectors pBT3-SUC-
gp41TMgp41 and pBT3-WSC1-gp41TMgp41, 
the identified prey proteins localized in the PM 
were only found 4.3%–4.5% of the time, but 
using the vector pBT3-WSC1-gp41TMWSC1 
as bait, 19.4% of the prey proteins were 
localized in the PM (Figure 3C). For all bait 
constructs, a substantial number of putative 
interacting partners were identified with a 
localization not in the PM or ER (Figure 3C). 
This number was not reduced by using the 
modified vector pBT3-WSC1-gp41TMWSC1, 
but rather increased to 48.3%.

To quantify the selectivity for surface-
localized membrane proteins, CD63 with its 

well-known localization in mammalian cells 
was used as a reference protein. CD63 is 
a tetraspanin that contains four transmem-
brane domains (a 4TM protein). This protein 
is predominantly localized in the plasma 
membrane (22,23), and we identified it as 
an interacting partner of gp41 (24). In addition 
to CD63, another 4TM protein, the emopamil 
binding protein EBP (sterol isomerase), 
was also identified in earlier split-ubiquitin 
screens as a frequent interaction partner of 
gp41. Furthermore, EPB was also found to 
interact with other bait constructs such as 
VKORC1 (25). In contrast to CD63, EBP is 
localized in the ER membrane but not in the 
PM (26,27). These two proteins were used 
to validate the selectivity of the modified bait 
vectors for prey proteins localized either in 
the ER or PM (Figure 4A). To quantify the 
differences between the modified and 
the unmodified bait vector system in the 
context of selectivity for proteins localized 
in the PM, prey vectors containing CD63 
or EBP inserts were co-transformed with 
the bait vectors. The co-expression of prey 
CD63 and bait gp41 yielded significantly 
higher colony numbers on selective plates 
than co-expression of prey EBP with the 
gp41 bait construct (Figure 4B). We could 
also exclude the possibility that the TMWSC1 
causes unspecific self-activation of the 
sensor protein NubG/Cub since the transfor-
mations with the vector pBT3-WSC1-TMWSC1 
(containing only the transmembrane domain 
of Wsc1) showed no significant growth 
on the selective plates. Furthermore, the 
difference between the relative functionality 
(assessed on SD W-L-H-A plates) of CD63 
and EBP was calculated using the data set 
from Figure 4B. The calculated difference 
between the functionality of CD63 and EBP 
demonstrated clearly that (i) the interaction 
affinity of gp41 for CD63 protein was higher 
than that of EBP, and (ii) that the relative 
functionality of the bait vector pBT3-WSC1-
gp41TMWSC1 containing the TMWSC1 was 
increased at least by a factor of four 
compared with the unmodified bait vectors 
pBT3-SUC-gp41TMgp41 and pBT3-WSC1-
gp41TMgp41. These data confirmed that 
the Wsc1 transmembrane-anchored gp41 
construct displayed an increased affinity to 
the prey protein localized in the PM. 

The TMgp41 contains polar charged amino 
acids and therefore it is possible that the 
transmembrane domain-dependent routing 
of proteins containing this transmembrane 
domain to the PM in S. cerevisiae is impaired 
because the transmembrane domains of 

typical transmembrane proteins sorting to 
the PM have a higher content of hydrophobic 
amino acids and are 24 amino acids in length 
(28). In the case of the TMgp41 from HIV-1, the 
transmembrane region contains 22 residues, 
but more importantly, polar charged amino 
acid residues are included in the TM domain, 
which itself is further flanked by polar charged 
residues (Figure 2B). This explains why bait 
proteins in S. cerevisiae fused with the SUC2 
signal sequence in conjunction with an ineffi-
cient transmembrane domain were retained 
in the ER membrane. The SUC2 signal 
sequence originally directs the secretion of 
yeast invertase, and heterologous proteins 
with this signal sequence frequently become 
stuck in the ER (29). Therefore, the combi-
nation of a viral TM that reaches the PM with 
low efficiency and a signal sequence from 
proteins that frequently retain proteins at 
the ER is definitely not optimal to direct bait 
proteins to screen for receptors localized in 
their native location. The screening condi-
tions were improved by the introduction of 
TMWSC1, and a higher efficiency was achieved 
when these designed proteins were used 
as baits.

Finally, we examined the localization 
in yeast cells expressing unmodified 
and modified bait proteins. We used the 
proximity ligation assay (PLA) technique for 
this to detect highly specific and sensitive 
(30–31) weakly expressed proteins driven 
by the CYC1 (32) or WSC1 (13) promoter. 
The single recognition PLA analysis 
performed against the LexA epitope using 
one primary polyclonal antibody revealed a 
localization for the bait proteins expressed 
by the vector pBT3-WSC1-gp41TMWSC1 
at the cell periphery only. In contrast, the 
bait proteins expressed by the vectors 
pBT3-WSC1-gp41TMgp41 and pBT3-SUC-
gp41TMgp41 were found in the perinuclear 
space (Figure 4D). We concluded that 
Wsc1-TM-anchored gp41 bait proteins are 
targeted to the cell periphery where they 
accumulate and are able to achieve close 
proximity to their interacting partner in the 
same compartment.

Here we present the modification of a 
membrane-based split-ubiquitin system 
(SUS) to improve the screening strin-
gency for surface membrane proteins. 
Our modified SUS is aimed at the study of 
host-pathogen and receptor-ligand inter-
actions, as well as PPIs involved in cell-cell 
communication. We modified the widely 
used split-ubiquitin bait vector pBT3-SUC 
and showed that the transmembrane 
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domain of Wsc1 increases the selectivity 
of type I membrane proteins such as gp41 
to interact with the tetraspanin CD63. By 
using modified bait vectors, the experi-
ments presented here helped to prevent 
split-ubiquitin screens from yielding too 
many candidate clones. We realize that this 
is only an initial application of our method 
and that it can be specifically adapted to 
other needs (e.g., to direct the bait protein 
to the mitochondrial membrane in order to 
search for binding proteins localized there). 
Screens with increased specificity can be 
therefore performed, which will yield lower 
numbers of false positive clones and facil-
itate the identification of putative interaction 
candidates for further research.
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