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G~ recruitment systems
specifically select PPI and affinity-
enhanced candidate proteins that
e osenejteract with membrane protein
| ‘targets

Misato Kaishima?, Jun Ishii?, Nobuo Fukuda3? & Akihiko Kondo?

Protein-protein interactions (PPIs) are crucial for the vast majority of biological processes. We
previously constructed a G~ recruitment system to screen PPI candidate proteins and desirable
affinity-altered (affinity-enhanced and affinity-attenuated) protein variants. The methods utilized
a target protein fused to a mutated G-protein ~ subunit (G~,) lacking the ability to localize to
the inner leaflet of the plasma membrane. However, the previous systems were adapted to use
only soluble cytosolic proteins as targets. Recently, membrane proteins have been found to form
the principal nodes of signaling involved in diseases and have attracted a great deal of interest
as primary drug targets. Here, we describe new protocols for the G~ recruitment systems that
are specifically designed to use membrane proteins as targets to overcome previous limitations.
These systems represent an attractive approach to exploring novel interacting candidates and
affinity-altered protein variants and their interactions with proteins on the inner side of the plasma
membrane, with high specificity and selectivity.

Protein-protein interactions (PPIs) are attracting increased attention in drug discovery studies.
PPIs have functions in the regulation of cellular states involved in various diseases™. In particular,
membrane-mediated PPIs play central roles in vital biological processes and are prime drug targets. For
example, tumorigenesis is often the result of gene mutations that lead to alterations in membrane PPIs
and aberrant signaling cascades®. Because the molecules that control (inhibit or activate) these mem-
brane PPIs can be used as drug candidates, rapid and unbiased screening of these molecules is essential
for drug development.

The major targets of membrane proteins are G-protein-coupled receptors (GPCRs), ion channels,
transporters, receptor serine/threonine and tyrosine protein kinases*® (e.g. epidermal growth factor
receptor (EGFR)%’, human epidermal growth factor receptor 2 (HER2)®®, and vascular endothelial
growth factor receptor (VEGFR)'*!!). The extracellular domains of these transmembrane proteins are
commonly targeted to identify agonistic and antagonistic ligands. However, recently developed drug
therapies have increasingly targeted the intracellular domains (kinase domains) of these transmembrane
proteins to control interactions with the components of downstream signaling cascades'?. Similarly,
membrane-associated proteins, such as guanine nucleotide-binding protein (G-protein), small GTPases,
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kinase proteins and other signal transducers, hold enormous potential for use in the development of
novel drugs. As a representative example, protein kinases are responsible for the reversible phospho-
rylation of proteins via PPIs and have a strong relationship with growth, infiltration and apoptosis in
cancer cells. A multitude of these membrane-associated proteins are involved in various diseases and
are often associated with the inner side of the plasma membrane'. Several kinase and GTPase inhib-
itors have been developed in the pharmaceutical industry'*-!¢. More recently, intracellular antibodies
(intrabodies), which can inhibit signal transducers, including membrane-associated proteins, have been
studied as valuable tools for controlling PPIs inside cells!’~'°. Thus, molecules that can control the PPIs
of transmembrane and membrane-associated proteins on the inner side of the plasma membrane have a
potential to become an important group of drug targets.

Various useful screening systems for PPIs exist and have yielded significant findings®->. These tech-
niques are required for screening of large numbers of proteins and are preferable in the in vivo cellular
context. In particular, yeast two-hybrid systems are the typical tools for such screening of candidate
proteins in vivo**?’. Among them, split-ubiquitin system is a well-established, useful technique to screen
the candidate proteins with the PPIs for membrane target proteins®>%. As in other yeast systems, small
G-protein-based methods, including the Sos recruitment system and the Ras recruitment system, are
occasionally used to study the PPIs of membrane proteins?***3!. These methods remain useful alterna-
tives to the original two-hybrid system; however, they suffer from technical complexities, such as the
different temperatures required for growth and screening (25°C and 36°C), slow growth at suboptimal
temperatures, obligatory replica-plating steps (glucose to galactose medium), and the total time required
for the procedure (~7 days including precultivation)®**%. In addition to bioluminescence resonance
energy transfer (BRET) and fluorescence resonance energy transfer (FRET)%, protein fragment comple-
mentation assays using split-GFP and split-luciferase’-*" are useful tools for detecting the association of
two proteins in living cells and have the potential to resolve these limitations. Among the varied systems
used, growth reporters are generally applicable to library screening because of their convenience. Our
previously developed screening method using yeast heterotrimeric G-proteins, called the G recruitment
system*' =%, also makes it possible to screen PPIs between a target protein and candidate proteins by the
mating growth assay without false-positive clones. The details of the mechanism utilized for detecting
PPIs are presented below.

The G~ recruitment system for detecting PPIs is based on the fundamental principle that yeast pher-
omone (mating) signaling requires the localization of a complex consisting of the 3- and ~-subunits
of heterotrimeric G-proteins (G3/G~) to the inner leaflet of the plasma membrane®. In yeast, the
G-protein-coupled receptor (GPCR) undergoes a conformational change after binding ligands and then
activates heterotrimeric G-proteins. The activated G-proteins trigger the dissociation of the GB/G~ com-
plex from Ga concurrently with the exchange of GDP/GTP on the Go subunit. The GB subunit (com-
plexed with membrane-associated Gv) then acts upon the effectors, thereby activating the downstream
signaling cascade for mating*. Notably, localization of the GB/G~ complex to the inner leaflet of the
plasma membrane via the lipidation motif of the G~y subunit is required for initiating G-protein signa-
ling. Our G~ recruitment system specifically makes use of a cytosolic truncated variant of Gy (named
Gry10) that is fused to a soluble target protein of interest, X' (Gcy,-X), as shown in Fig. 1A. For the
library, the candidate proteins (Y,) should be attached to the artificial lipidation site to ensure localiza-
tion to the membrane (Fig. 1A). When an interaction occurs between target X’ and candidate °Y,} the
G~¢y1o-X fusion protein brings GB to the membrane and induces subsequent activation of the pheromone
signaling pathway. The promoted signaling can be detected by a fluorescent reporter assay or a mating
growth assay after growth in simple glucose media at the optimal temperature (30 °C). Briefly, the expres-
sion of GFP under the control of a pheromone-responsive FIGI promoter or mating with intact haploid
cells of the opposite mating type permits the detection of PPIs (Fig. 1A and Fig. S1). Because the local-
ization of Gy, in the cytosol completely prevents this signaling activation, the G~y recruitment system
allows for extremely reliable, low-background growth screening that excludes false-positive candidates
at the optimal temperature (30°C)*. The procedures for screening involve simply mixing the differ-
ent mating-type cells (recombinant a-cells and intact «-cells) and plating on selective media (~4 days
including precultivation) (Fig. S1; right). The advanced system (competitor-introduced G~ recruitment
system), which additionally expresses an interaction competitor protein (Y,) in the cytosol (Fig. 2A),
can offer highly selective screening for protein variants whose affinities have been intentionally altered
to exceed the set threshold*!. This approach is applicable to selectively screening affinity-enhanced or
affinity-attenuated protein variants by exchanging the positions of the competitor protein and the library
proteins (Y; and Y,)*"*.

The localization of G~ is of key importance for the low background of the G~ recruitment system*.
The previous Gy recruitment system was limited to using only soluble cytosolic proteins as the target (X),
as candidate proteins (Y,) should be expressed on the membrane (Fig. 1A). The competitor-introduced
system also had a similar problem, restricting the target X to cytosolic proteins (Fig. 2A). Thus, these
previous systems could not target membrane proteins. In the current study, we have reevaluated the G~
recruitment system by changing the localization of target proteins from the cytosol to the membrane;
however, the prior protocol did not work well. With the aim of expanding the applicability of the sys-
tem, we considered new protocols for the G~ recruitment systems that might be suitable for evaluating
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Figure 1. Schematic diagram of G~ recruitment systems to detect PPIs of cytosolic or membrane target
proteins. (A) Schematic outline of the previously established G~ recruitment system for cytosolic target
proteins. When target protein ‘X’ fused to G~y interacts with candidate protein Y,} the G3 and Gy,
complex (GB~,,) migrates to the inner leaflet of the plasma membrane and restores the signaling function.
If protein X’ cannot interact with protein Y} GB~y, is released into the cytosol, and signaling is blocked.
(B) Schematic outline of the G~ recruitment system for membrane protein targets. When membrane

target protein X’ interacts with candidate protein °Y,” fused to Gy, the GB and Gy, complex (GBeyo)
migrates to the inner leaflet of the plasma membrane and restores the signaling function. If membrane
protein X’ cannot interact with protein Y, G3~y, is released into the cytosol, and signaling is blocked.

Growth
Expression of GFP

membrane proteins as targets. The updated method allows the G~ recruitment system to be used in the
analysis of both cytoplasmic and membrane target proteins.

Results
Selection of candidate proteins interacting with membrane protein targets using a previ-
ously established PPI-detecting G~ recruitment system. First, we tested whether the previous
Gn recruitment system could target membrane proteins. In the previous system, the Fc protein of human
immunoglobulin G (IgG) and the Z domain of Staphylococcus aureus protein A (Zyy1)*® were used for the
PPI models. Several Z variants (Zyr, Zgssa» Ziz1a and Zgss) with varied affinities for the Fc protein were
also used for the PPI models (Zyp 5.9 X 107 MY Zysss, 4.6 X 106 M™5 Zi514, 8.0 X 10° M7} and Z,,,
none)**8, In contrast to the previous system, target protein ‘X’ was set to localize to the inner leaflet of
the plasma membrane (previously, target X’ was fused to G, in the cytosol), and candidate protein
Y,” was fused to Gy, (previously, candidate protein °Y,” was artificially localized to the inner leaflet of
the membrane) (Fig. 1A,B). As the fictive model of target protein X, the Fc fragment was fused to the
lipidation motifs in this study (Fig. 1B). It was also notable that the lipidation motifs were fused to the
Fc fragment at both the N-terminus (Gpalp motif; GpalN) and the C-terminus (Ste18p motif; Ste18C)
to test the accessibility between the Fc fragment and the Z variants (the C-terminal Ste18p motif was
used to express the Z variants as the candidate Y,” proteins described in the previous study) (Fig. 1B).
As the models of Y, proteins for the candidate library, the Z variants were fused to the C-terminus of
Gy to express Gryy,,-Y; fusion proteins in the cytosol (Fig. 1B).

To express the target membrane proteins, the genes encoding the Fc fragment attached to artificial
lipidation motifs were stably integrated into the stel8 locus of an a-type haploid yeast chromosome,
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Figure 2. Schematic diagram of competitor-introduced G~ recruitment systems to screen affinity-altered
protein variants for cytosolic or membrane target proteins. (A) Schematic outline of the previously
established competitor-introduced G~ recruitment system for cytosolic target proteins. Target protein X’
should be expressed as a fusion with G-y, in the cytosol. Protein Y,” should be anchored to the plasma
membrane, whereas Y,” should be expressed in the cytosol. By establishing Y,” and ‘Y, as the parental
(known) proteins originally bound to target X’ and the candidate variant proteins, respectively, Y,” and Y’
compete to bind to target X When X’ has higher affinity for Y,; G-protein signaling is prevented due to
the inability of Gy, to migrate to the plasma membrane. When X has higher affinity for °Y;, G-protein
signaling is transmitted into the yeast cells and invokes the mating process. Thus, affinity-enhanced proteins
or affinity-attenuated proteins can be screened in a specific manner. (B) Schematic outline of competitor-
introduced G~ recruitment system for membrane protein targets. Target protein X’ is a transmembrane or
membrane-associated protein. Protein Y, should be fused to Gy, whereas Y, should be expressed in
the cytosol. By establishing Y,” and Y, as the parental (known) proteins originally bound to the membrane
target X’ and the candidate variant proteins, respectively, Y,” and Y,” compete to bind to target X’ When
X’ has a higher affinity for °Y,; G-protein signaling is prevented due to the inability of G-y, to migrate

to the plasma membrane. When ‘X’ has higher affinity for °Y,” fused to G-y, G-protein signaling is
transmitted into the yeast cells and initiates the mating process.

resulting in MC-FC and MC-FN yeast strains (Table 1). For the candidate proteins, autonomous replica-
tion plasmids for the expression of the four different Z variants (Zyr, Zgssa> Zis1a and Zoss) fused to Gy,
(GeyoY1) (PGK413-G-EZWT, pGK413-Gy-EZK35A, pGK413-Gy-EZI31A and pGK413-Gy-EZ955)
(Table 2) were introduced into the MC-FC and MC-FN yeast cells (Fig. 3A and Fig. S2A). Flow cytomet-
ric analysis of the transformants was conducted after incubation in medium containing the a-alpha-cell
mating pheromone (a-factor) (Fig. S1; left). The engineered yeast strains expressing the G.y,-Zywr and
G"¢yi0-Zxssa fusion proteins as candidates slightly induced the transcription of GFP reporter genes via
interaction with the membrane-associated Fc fragment, although the fluorescence levels were extremely
low (Fig. 3B and Fig. S2B). In mating selection with intact a-type yeast cells (Fig. S1; right), the strains
expressing Geyo-Zwr and G yo-Zissa exhibited specific but negligible cell growth on selective medium
(Fig. 3C and Fig. S2C). In both GFP transcription assays and mating growth selection, interactions of
Geyio-Zizia (very low affinity for Fc) and Gry0-Zoss (negative control) with the membrane-associated
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BY4741 MATa his3A1 ura3A0 leu2A0 met15A 67
BY4742 MATo his3A1 ura3A0 leu2A0 lys2A0 67
MC-F1 BY4741 figl:FIGI-EGFP 43
MC-FC MC-F1 stel8A:kanMX4-Ppgx,;-Fc-Ste18C Present study
MC-FN MC-F1 stel8A::kanMX4-Ppgi,-GpalN-Fe Present study
FC-GW MC-F1 stel8A::kanMX4-Ppgy;-Fe-Stel8C his3A::URA3-Pyrgis-Gopo-Zwr Present study
FC-GK MC-F1 stel8A::kanMX4-Ppgy;-Fe-Stel18C his3A::URA3-Pyrpis-Goypro-Zissa Present study
FC-GI MC-F1 stel8A::kanMX4-Ppgy,-Fc-Ste18C his3A:URA3-Psrg;5-GYopo-Zisia Present study
FC-G9 MC-F1 stel8A::kanMX4-Ppgy;-Fe-Ste18C his3A::URA3-Pspis-Goyio-Zoss Present study
FN-GW MC-F1 stel8A::kanMX4-Ppgy-GpalN-Fc his3A::URA3-Pyrp15-GYoypreZwr Present study
FN-GK MC-F1 stel8A::kanMX4-Ppgy;-GpalN-Fc his3A::URA3-Psrpis-GYoyro~Zssa Present study
FN-GI MC-F1 stel8A::kanMX4-Ppgy-GpalN-Fc his3A:URA3-Psyy15-GYopto-Zisia Present study
FN-G9 MC-F1 stel8A::kanMX4-Ppey-GpalN-Fe his3A:URA3-Pgrp15-GYeyto-Zoss Present study
FC-W MC-F1 stel8A::kanMX4-Ppgy,-Fe-Ste18C Pyyopy:LEU2-Ppgyi-Zy1-Priops Present study
FC-K MC-F1 stel8A::kanMX4-Ppgi;-Fe-Ste18C Pryopy:LEU2-Ppgyi-Zissa ~Props Present study
FC-1 MC-F1 stel8A:kanMX4-Ppgx;-Fc-Ste18C Pryops:LEU2-Ppgr;-Zi314-Priop2 Present study
FC-9 MC-F1 stel8A::kanMX4-Ppgy,-Fc-Ste18C Pyyppy:LEU2-Ppgy;-Zos-Prop, Present study
FN-W MC-F1 stel8A::kanMX4-Ppg;-GpalN-Fc Pyopy:LEU2-Ppgy;-Zywr-Priops Present study
FN-K MC-F1 stel8A::kanMX4-Ppg;-GpalN-Fc Pyopy:LEU2-Ppgy;-Zssa -Props Present study
FN-I MC-F1 stel8A::kanMX4-Ppgy-GpalN-Fc Pyyopy:LEU2-Ppg;-Zi314.cyt0-Prior2 Present study
FN-9 MC-F1 stel8A::kanMX4-Ppgy;-GpalN-Fc Pyopy:LEU2-Ppcki-Zoss,eyio-Prop2 Present study
FC-GWW MC-F1 stel8A::kanMX4-Ppgy,-Fe-Stel18C his3A::URA3-Psygis-GYoypo-Zwr Prop2LEU2-Ppgyi-Zyw1~Props Present study
FC-GWK MC-F1 stel8A::kanMX4-Ppgy;-Fe-Stel18C his3A::URA3-Pyrpis-Gyepto-Zwr Prop2:LEU2-Ppgr-Zissa ~Priops Present study
FC-GWI MC-F1 stel8A::kanMX4-Ppgy,-Fe-Stel8C his3A:URA3-Psyy15-GYopto-Zwr Prop2:LEU2-Ppgri-Zi314-Priop: Present study
FC-GW9 MC-F1 stel8A::kanMX4-Ppgy,-Fe-Stel18C his3A::URA3-Pyypis-GYopo-Zwr Prop2:LEU2-Ppgiy-Zoss~Propz Present study
FC-GKW MC-F1 stel8A::kanMX4-Ppy;-Fe-Stel18C his3A::URA3-Pyypis-Gyepo-Zizsa Prop2:LEU2-Pogii-ZwrPropz Present study
FC-GKK MC-F1 stel8A::kanMX4-Ppey;-Fe-Stel18C his3A::URA3-Pyypis-GYopo-Zissa Prop2:LEU2-Prgri-Zissa ~Priops Present study
FC-GKI MC-F1 stel8A::kanMX4-Ppgy,-Fc-Stel8C his3A:URA3-Psrg;5-GYopto-Zissa Propz*LEU2-Ppcri-Zi314-Priops Present study
FC-GK9 MC-F1 stel8A::kanMX4-Ppey,-Fc-Stel18C his3A::URA3-Psygis-GYepoZiasa Prop2:LEU2-Ppgyi-Zoss~Propa Present study
FC-GIW MC-F1 stel8A::kanMX4-Ppgy;-Fe-Ste18C his3A::URA3-Psyp15-GYoyio-Zis1a Priopz:LEU2-Ppeii~Zwi-Propz Present study
FC-GIK MC-F1 stel8A::kanMX4-Ppgy;-Fe-Ste18C his3A::URA3-Psrris-GYoyto-Zis1a Propz:LEU2-Ppgri-Zissa ~Priops Present study
FC-GII MC-F1 stel8A::kanMX4-Ppgy,-Fc-Stel8C his3A::URA3-Psyy15-GYepto-Zisia Propz*LEU2-Pperi-Zi314-Priop: Present study
FC-GI9 MC-F1 stel8A::kanMX4-Ppy,-Fe-Stel8C his3A::URA3-Psypis-GYepio-Zisia Priopz:LEU2-Ppki~Zoss-Props Present study
FC-GO9W MC-F1 stel8A::kanMX4-Ppy;-Fe-Ste18C his3A::URA3-Psy15-GYeyto-Zoss Priops*LEU2-Ppeyi~Zwi-Propz Present study
FC-G9K MC-F1 stel8A::kanMX4-Ppey;-Fe-Stel18C his3A::URA3-Psyp15-GYeptoZoss Priopz:LEU2-Ppgri~Zissa -Propz Present study
FC-GII MC-F1 stel8A::kanMX4-Ppgy,-Fe-Ste18C his3A::URA3-Psyy15-GYopto-Zoss Propz*LEU2-Pperi-Zi314-Priops Present study
FC-G99 MC-F1 stel8A::kanMX4-Ppy;-Fe-Stel18C his3A::URA3-Pyypis-GYepioZoss Priopz*LEU2-Ppeki~Zoss-Priops Present study
FN-GWW MC-F1 stel8A::kanMX4-Ppgy-GpalN-Fc his3A::URA3-Pgrp15-GYeyproZwr Prop2:LEU2-Ppgyi-Zw1=Priops Present study
FN-GWK MC-F1 stel8A::kanMX4-Ppgy;-GpalN-Fc his3A::URA3-Psrr15-GYeyroZwr Prop2LEU2-Ppgri-Zissa ~Priops Present study
FN-GWI MC-F1 stel8A::kanMX4-Ppgy-GpalN-Fc his3A:URA3-Psyy15-GYepto-Zwr Prop2:LEU2-Ppgii~Zi314-Prop2 Present study
FN-GW9 MC-F1 stel8A::kanMX4-Ppgy-GpalN-Fe his3A::URA3-Pyrp15-GYeyro-Zwr Priops:LEU2-Ppoyi-Zoss-Propz Present study
FN-GKW MC-F1 stel8A::kanMX4-Ppgy;-GpalN-Fe his3A::URA3-Pgrp1s-GYepo-Zissa Prop2:LEU2-Ppgi-ZwrPropz Present study
FN-GKK MC-F1 stel8A::kanMX4-Ppgy;-GpalN-Fc his3A::URA3-Psrris-GYeypro-Zissa Prop2:LEU2-Prgri-Zissa ~Priors Present study
FN-GKI MC-F1 stel8A::kanMX4-Ppgy-GpalN-Fc his3A:URA3-Psyy15-GYepto-Zissa Prop2:LEU2-Ppcri-Zi31a-Prop: Present study
FN-GK9 MC-F1 stel8A::kanMX4-Ppgy;-GpalN-Fc his3A::URA3-Pgrp15-GYepro~Ziasa Prop2:LEU2-Ppgyi-Zoss~Propz Present study
FN-GIW MC-F1 stel8A::kanMX4-Ppg-GpalN-Fc his3A:URA3-Pgrp15-GYeyto-Zis14 Prop2:LEU2-Pogi-ZwrPropz Present study
FN-GIK MC-F1 stel8A:kanMX4-Ppgy;-GpalN-Fc his3A::URA3-Pyrr15-GYoyro~Zis1a Prop2:LEU2-Prgri-Zissa ~Priops Present study
FN-GII MC-F1 stel8A::kanMX4-Ppgy-GpalN-Fc his3A:URA3-Psyg1s-GYepio-Zisia Prop2:LEU2-Ppcri-Zi31a-Prop: Present study
FN-GI9 MC-F1 stel8A::kanMX4-Ppgy;-GpalN-Fc his3A::URA3-Psrp15-GYepioZiz1a Prop2:LEU2-Ppgki~Zoss-Props Present study
Continued
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Strain Relevant feature Source

FN-GOW MC-F1 stel8A::kanMX4-Ppgy,-GpalN-Fc his3A::URA3-Psgis-GYoyio-Zoss Priopz:LEU2-Ppeky-Zwi-Propz Present study
FN-G9K MC-F1 stel8A::kanMX4-Ppgy-GpalN-Fc his3A::URA3-Pgrp15-GYeyto~Zoss Prop2:LEU2-Prgri-Zissa ~Prors Present study
FN-GII MC-F1 stel8A::kanMX4-Ppgy;-GpalN-Fc his3A::URA3-Psrris-GYeyto~Zoss Priopz:LEU2-Ppgri=Z1314-Priop2 Present study
EN-G99 MC-F1 stel8A:kanMX4-Ppey-GpalN-Fe his3A:URA3-Pspis-Griyno-Zoss Props:LEU2-Pocr-Zoss-Prio: Present study
MC-ErC MC-F1 stel8A::kanMX4-Ppgg;-EGFR g3 ¢y~ Ras1C Present study
MC-EsC MC-F1 stel8A::kanMX4-Ppgx-EGFRg34p ¢y10-Ste18C Present study
MC-EgN MC-F1 stel8A::kanMX4-Ppgy;-GpaIN-EGFR g5z ¢yt Present study
ErC-grbG MC-F1 stel8A::kanMX4-Ppgi;-EGFR 5348 ¢yr-Ras1C his3A:URA3-Pyypp;4-Grb2-Gry,y, Present study
EsC-grbG MC-F1 stel8A::kanMX4-Ppgy;-EGFR 34 cy1o-Ste18C his3A::URA3-Pgrp;5-Grb2-Gry,y, Present study
EgN-grbG MC-F1 stel8A::kanMX4-Ppe-GpalN-EGFR g3p ¢y Mis3A::URA3-Pyrp5-Grb2-Gryy, Present study
ErC-Ggrb MC-F1 stel8A::kanMX4-Ppg-EGFRg34p ¢y0-Ras1C his3A::URA3-Psygs -GYeypo-Grb2 Present study
EsC-Ggrb MC-F1 stel8A::kanMX4-Ppgi;-EGFR g34p ¢y1o-Ste18C his3A::URA3-Pyr;s -GY,ypo-Grb2 Present study
EgN-Ggrb MC-F1 stel8A::kanMX4-Ppgy;-GpalN-EGFR g3p ¢y Mis3A::URA3-Psppys -GYeyro-Grb2 Present study
ErC-grbG-E89K lgr%;:; Kst_e;f(ﬁ;kanMX4—PPGK,-EGFRLMM,-Raszc his3A:URA3-Pgeiy Grb2-Giyuy PHOPZLEUZ Prr | procent tudy
ErC-gibG-R86G 1&452816 Gs_t}e)ﬁﬁ:kunMXz;—PPm-EGFRLMM-Raszc his3A:URAS-Psre1s-Grb2- Gl Prorar LEU2Prci | procent study
ErC-grbG-LEU MC-F1 stel8A::kanMX4-Ppgx;-EGFR 5345 ¢y10-Ras1C his3A::URA3-Pyyy15-Grb2-GYeyso Priopsp:LEU2-Pryopsp Present study

Table 1. Yeast strains used in this study.

Fc fragment were not detected. These results showed that the previous protocol was not sufficient to
screen the interactions between membrane-associated target X’ and candidate Y,’-fused Gy, proteins.

PPI-detecting G~ recruitment system for the selection of candidate proteins interacting with
membrane protein targets. Next, we tested the new protocol, in which we changed the method used
to introduce the Gr,,-Y; candidate genes. The DNA cassettes for cytosolic expression of the Gry,,-fused
candidate Z variants (Zy, Zgssa> Ziz1a and Zoss) as a library were stably integrated into the MC-FC and
MC-FN yeast chromosomes, generating FC(FN)-GW, FC(EN)-GK, FC(FN)-GI and FC(FN)-G9 strains
(Table 1) (Fig. 3D and Fig. S2D). The engineered yeast strains chromosomally harboring Gy,-Zyr and
G"oyio-Zxssa genes showed apparent fluorescence in the GFP transcription assays (Fig. 3E and Fig. S2E).
Similarly, in the mating selection, the same strains grew well on the selective medium (Fig. 3F and Fig.
S2F). Compared with the Gpalp-derived N-terminal lipidation motif, the C-terminally attached Ste18p
lipidation motif was likely slightly favorable for PPI detection due to a reduction in accessibility between
the membrane-associated Fc fragment and the G y,,-fused Z domain (Fig. 3D-F and Fig. S2D-F). These
results were clearly different from those following expression of G~,,-fused candidate Y, using auton-
omous replicating plasmids (Fig. 3A-C and Fig. S2A-C).

Competitive selection of affinity-enhanced protein variants interacting with membrane pro-
tein targets using a previous protocol. Previously, we established the competitor-introduced G~
recruitment system for selective screening of protein variants that exceed a specified affinity thresh-
old*' (Fig. 2A). In the conventional G~ recruitment system, additional expression of a cytosolic
parental (known) protein (Y,) that binds to Gry,-fused target protein X’ competes with artificially
membrane-associated protein variants as a candidate library (Y,), thereby permitting the selective
screening of affinity-enhanced protein variants (Fig. 2A).

To test whether the previous competitor-introduced G~ recruitment system allows for the use of
membrane proteins as target X' (Fig. 2B and S3A), we consistently used the membrane-associated Fc
fragment and the Gry,,-fused Z variants as target X" and candidate Y, proteins, respectively (Figs. 4A
and S4A). Z;3; 4 (low affinity for Fc; 8.0 x 10° M~!) was utilized as the model of the competitive parental
Y, protein (Figs. 4B and S4B). Therefore, the Zyr and Zy;s, candidate proteins (Y;), with higher affin-
ities, should have outcompeted the interaction between membrane-associated Fc (X) and cytosolic Z3;,
(Y,), recovering the signaling in the system (Fig. S3A). In the previous system, the DNA cassette for Z;,
expression as a competitor Y, protein in the cytosol was stably integrated into the yeast chromosome
of MC-FC, in which the C-terminally membrane-associated Fc fragment (X) (with the Stel8p lipida-
tion motif) was expressed, generating an FC-I strain (Table 1). Autonomous replication plasmids for
expression of the Gry,-fused Z variants as candidate Y," (pGK413-G-EZWT, pGK413-G~-EZK35A,
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pGK413-G~-EZI31A and pGK413-G~-EZ955) (Table 2) were then introduced into the FC-I strain.
However, both flow cytometric analysis and mating selection were barely able to detect the interactions
between the membrane-associated Fc fragment (target X’) and the Gyy,,-fused Z variants (candidate Y,’)
relative to the interactions between the membrane-associated Fc fragment and cytosolic Zj3,, in all trans-
formants (Fig. 4B). Additionally, when using an FN-I strain chromosomally expressing an N-terminally
membrane-associated Fc fragment (X) (with a Gpalp lipidation motif) and competitive Z;,, protein (Y,)
(Table 1), the transformants in which the candidate autonomous plasmids were introduced to express
the Gny,-fused Z variants (Y,) provided similar results to the C-terminally membrane-associated Fc
fragment (Fig. S4B). These results showed that the previous system was unable to screen the interactions
between membrane-associated target X and candidate Y, ’-fused Gy, proteins relative to the interac-
tions between membrane target X* and the cytosolic Y,” competitor.

Competitor-introduced G~ recruitment system that specifically selects affinity-enhanced
protein variants interacting with membrane protein targets. Similar to what was described in
the previous section, we attempted to change the protocol by introducing the expression cassettes for
G"¢y10-Y; candidate genes into the competitor-introduced G~ recruitment system (Figs. 4C and S4C).
As competitive parental Y,” proteins, the genes for expressing the four different Z variants (Zy, Zgssa,
Zi; and Zgs;) in the cytosol were integrated into the MC-FC yeast chromosome (also expressing the
C-terminally membrane-associated Fc fragment with the Ste18p lipidation motif as target X°), generating
FC-W, FC-K, FC-I and FC-9. The DNA cassettes for expressing the Gy,-fused candidate Z variants
as model library Y, proteins were then stably integrated into the chromosome of the four yeast strains,
generating 16 engineered yeast strains (FC-GWW through FC-G99; Table 1) (Fig. 4C).

Both flow cytometric analysis and mating selection revealed the interactor combinations between
membrane-associated Fc and the G~ y,-fused Z variants serving as candidate Y,” proteins, with higher
affinities than when the cytosolic Z variants served as competitor Y,” proteins (e.g., Y, and Y,: Z and
Zyssps Zwr and Zys; 53 and Zyss, and Zys,), although the very weak interactions between Fc and Gry,-fused
Zpa (Y, and Yy: Zjz) 4 and Zyss) could not be detected (Fig. 4D,E). These results clearly showed that the
strains recovered signal transmission only when interactions between the membrane-associated Fc frag-
ment (target X) and the Gry,,-fused Z variants (candidate Y,’) overcame the competitive interactions
between Fc (target X’) and the cytosolic Z variants (competitor Y,’). Additionally, when using a strain
chromosomally expressing the N-terminally membrane-associated Fc fragment (X) (with the Gpalp lipi-
dation motif) (FN-GWW through FN-G99; Table 1), similar results were obtained (Fig. S4C-E).

Thus, Gyo-fused Y,” candidate proteins should be stably integrated into the yeast chromosome
to specifically select the affinity-enhanced protein variants against membrane-associated protein X’
in the competitor-introduced G~ recruitment system. This modification of the method made the
competitor-introduced G~ recruitment system able to screen affinity-enhanced protein variants by using
membrane proteins as the target proteins.

Competitive selection of affinity-attenuated protein variants interacting with membrane
protein targets using a previous protocol. Previously, we also established a system that permits
the selective screening of affinity-attenuated protein variants. In the conventional G~ recruitment system,
by setting the cytosolic protein (Y,) as the candidate library and the artificially membrane-associated
protein (Y;) as the parental (known) competitor that binds to G~.,,,-fused target protein X; the system
permits the selective screening of affinity-attenuated protein variants (Fig. 2A).

To test whether the previous competitor-introduced G~ recruitment system allows for the use of
membrane proteins as target X’ (Fig. 2B and S3B), we consistently used the membrane-associated Fc
fragment and the cytosolic Z variants as target X’ and candidate Y, proteins, respectively (Fig. 5A and
S5A). Zyr was utilized as the model of the competitive parental °Y," protein. Therefore, G.,,-fused
Zy (Y,) should have outcompeted the interactions between membrane-associated Fc (X) and the Zgss,,
Zy31 4 and Zgs; candidate proteins (Y,), which have lower affinities, recovering the signaling in the system.

In the previous system, autonomous replication plasmids for expression of the Z variants in the
cytosol as candidate Y,” proteins (pGK-LsZWTc, pGK-LsZK35Ac¢, pGK-LsZI31Ac and pGK-LsZ955c)
(Table 2) were introduced into the FC-GW strain, which chromosomally expresses Fc-Ste18C as X’ and
G"eyio-Zwr as competitor Y,” (Table 1). Both flow cytometric analysis and mating selection revealed
the interactor combinations between membrane-associated Fc and the cytosolic Z variants serving as
candidate °Y,’ proteins, whose affinities were lower than that of Gv.y,-fused Zy,r as the competitor Y’
protein (Fig. 5B,C). Additionally, when using the FN-GW strain chromosomally expressing GpalN-Fc
as X’ and Gryy,-fused Zyr as competitor Y," (Table 1), the transformants in which the candidate
autonomous plasmids were introduced to express the Z variants in the cytosol (Y,) provided similar
results (Fig. S5B,C). In contrast to the affinity-enhanced system, these results showed that the previous
competitor-introduced G~ recruitment system was able to screen affinity-attenuated protein variants
using membrane proteins as the target proteins.

Demonstration of applicability of our system using intracellular domain of EGFR and
Grb2. To demonstrate the applicability of our system, we selected the intracellular domain of EGFR
(EGFR,y,,), which contains a tyrosine kinase domain and tyrosine phosphorylation sites, and the adaptor
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pGK425 Expression vector containing PGKI promoter, 2/ origin and LEU2 marker 68

pGK425-GpalN N-terminus of Gpal (9 a.a.) expression, in pGK425 This study
pGK425-Ste18C C-terminus of Stel8 (9 a.a.) expression, in pGK425 This study
pGK425-Ras1C C-terminus of Rasl (10 a.a.) expression, in pGK425 This study
pGK425-GpalN-Fc Fc protein expression, in pGK425-GpalN This study
pGK425-Fc-Ste18C Fc protein expression, in pGK425-Ste18C This study
pGK426-GPTK URA3-STE18 promoter-kanMX4-STE18 terminator in pGK426 42

pUMGPTK-GpalN-Ec [()Jgﬁ:;zgi;‘}rkaGKl promoter -GpalN (9 a.a.)-Fc- PGK1 terminator -kanMX4-STE18t in This study
PUMGPTK-Fc-Ste18C ;JééiééTgé?kPGKl promoter -Fc-Ste18C (9 a.a.)- PGK1 terminator -kanMX4-STE18t in This study
pGK413 f;;lﬁisrsion vector containing PGK1 promoter, CEN/ARS single-copy origin and HIS3 63

pGK413-GN-EZWT Geyto-Zuwr fusion expression, in pGK413 This study
pGK413-Gy-EZK35A GYepo-Zissa fusion expression, in pGK413 This study
pGK413-Gv-EZI31A Gepro ~Zi314 fusion expression, in pGK413 This study
pGK413-G~-EZ955 Geyto ~Zoss fusion expression, in pGK413 This study
pUSTE18p-Grcyto URA3-STE18 promoter-Gry,,,,-PGK1 terminator in pGK426 This study
pUSTE18p-Grycyto-HIS3t URA3-STE18 promoter-G,y,-PGKI terminator-HIS3 terminator in pGK426 This study
pUSTE18p-Grycyto-ZWT-H URA3-STEI18 promoter-Gyo-Zwr-PGKI terminator in pUSTE18p-Grycyto-HIS3t This study
pUSTE18p-Grycyto-ZK35A-H URA3-STE18 promoter-Gryoy,~Zyss4-PGK1 terminator in pUSTE18p-Grycyto-HIS3t This study
pUSTE18p-Grycyto-ZI31A-H URA3-STE18 promoter-Gyy,-Zi314-PGK1 terminator in pUSTE18p-Grycyto-HIS3t This study
pUSTE18p-Grycyto-Z955-H URA3-STE18 promoter-GYy,-Zoss~PGKI terminator in pUSTE18p-Grycyto-HIS3t This study
pGK4l5 f,ri;p;xl"(eesrsion vector containing PGK1 promoter, CEN/ARS single-copy origin and LEU2 63

PGK-LsZWTc Zyr expression, in pGK415 51

pGK-LsZK35Ac Zyssa expression, in pGK415 41

pGK-LsZI31Ac Z1315 expression, in pGK415 41

PGK-LsZ955¢ Zyss expression, in pGK415 41

PGK-LsZWTc-HOP2p LEU2-PGK promoter -Z,;-PGK terminator -HOP2 promoter in pGK415 This study
pGK-LsZK35Ac-HOP2p LEU2-PGK promoter -Zy;s,-PGK terminator -HOP2 promoter in pGK415 This study
pGK-LsZI31Ac-HOP2p LEU2-PGK promoter -Zj;;,-PGK terminator -HOP2 promoter in pGK415 This study
PGK-LsZ955c-HOP2p LEU2-PGK promoter -Zyss-PGK terminator -HOP2 promoter in pGK415 This study
pGK425-GpalN-EGFR(LR) EGFR g34g,cyt0 €Xpression, in pGK425-GpalN This study
pGK425-EGFR(LR)-Ste18C EGFR g34p oyto €Xpression, in pGK425-Ste18C This study
pGK425-EGFR(LR)-Ste18C EGFR 334 oyto €Xpression, in pGK425-Ste18C This study
pUMGPTK-GpalN-EGFR(LR) gT%;}SEIE;é%Zngég;%nute -GpalN (9 a.a.)-EGFRg34p o1 PGKI terminator -kanMX4- This study
pUMGPTK-EGFR(LR)-Ste18C é]]{%];;—tS;E;g[;(—izGélfé I};:g?oter—EGFRL834R,cﬂa—SteI 8C (9 a.a.)-PGK1 terminator -kanMX4- "This study
pUMGPTK-EGFR(LR)-Ras1C g]%;;s;E;gg{-fZ%{(Glg%%muter -EGFRyg34p.¢y1-Ras1C (10 a.a.)-PGK1 terminator -kanMX4- This study
pGK413-Grb2-G~ Grb2-Gny,, fusion expression, in pGK413 This study
pGK416 f,ri;p;xl"(eesrsion vector containing PGK1 promoter, CEN/ARS single-copy origin and URA3 63

Ste18p-416 URA3-STE18 promoter-PGKI terminator in pGK416 This study
pUSTE18p-c-Grcyto URA3-STE18 promoter-Gy,,,(w/ stop codon)-PGKI terminator in pGK416 This study
pUSTE18p-c-Grycyto-HIS3t IL)J(};QZ;;TEM promoter-Gyy,,(w/ stop codon)-PGK1 terminator-HIS3 terminator in "This study
pUSTE18p-Grb2-Grcyto-HIS3t URA3-STEI8 promoter-Grb2-Gv.,,,-PGK1 terminator in pUSTE18p-c-Grcyto-HIS3t This study
pUSTE18p-Grycyto-Grb2-HIS3t URA3-STE18 promoter-Gy,,,-Grb2-PGK1 terminator in pUSTE18p-Grycyto-HIS3t This study
pUSTE18p-Grb2(R86G)-Grcyto-HIS3t URA3-STEI18 promoter-Grb2pgs6-Gey,-PGK1 terminator in pUSTE18p-Grycyto-HIS3t This study
pUSTE18p-Grb2(E89K)-Grcyto-HIS3t URA3-STE18 promoter-Grb2gsox-GYeyr,-PGKI terminator in pUSTE18p-Grycyto-HIS3t This study

Continued
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Plasmids Genotype Reference
pGK415-HOP2p URA3-PGK1 promoter-PGKI terminator-HOP2 promoter in pGK415 This study
pGK-LsGrb2-HOP LEU2-PGK1 promoter-Grb2-PGK1 terminator-HOP2 promoter in pGK415 This study
pGK-LsGrb2(R86G)-HOP LEU2-PGK1 promoter-Grb2ye:-PGKI terminator-HOP2 promoter in pGK415 This study
pGK-LsGrb2(E89K)-HOP LEU2-PGK1 promoter-Grb2g4e-PGK1 terminator-HOP2 promoter in pGK415 This study

Table 2. List of plasmids used in this study.

protein Grb2 protein for the PPI pair®. In normal cells, binding of the epidermal growth factor (EGF) to
the extracellular domain of EGFR leads to dimerization of the receptor and autophosphorylation of the
receptor intracellular domain®>*'. Grb2 binds to the phosphotyrosines of EGFR and links to the activa-
tion of subsequent intracellular signaling cascades®*>*. In yeast, the intracellular domain of EGFR and its
mutant derivatives have been often used to test the interaction with Grb2 protein®*-%. To assay the inter-
action between EGFR and Grb2 in yeast, we used the intracellular domain of EGFR with L834R mutation
(EGFR34p cy105 that is constitutively dimerized and activated even in the absence of EGF***) as the mem-
brane protein by fusing several types of lipidation motifs at both the N-terminus (Gpalp motif; GpalN)
and the C-terminus (Raslp motif; RaslC and Stel8p motif; Ste18C). The Grb2 adaptor was fused to
G"yo at the N-terminus and the C-terminus to test the accessibility between the membrane-associated
EGFRg34r ¢yt 20d the cytosolic Gryy,-fused Grb2.

To express the membrane-associated EGFR|g34p 1o protein, the genes encoding the EGFR|gs4p cyio
attached to the artificial lipidation motifs (Ras1C, Stel8C and GpalN) were stably integrated into the
stel8 locus of an a-type haploid yeast chromosome, resulting in MC-ErC, MC-EsC and MC-EgN yeast
strains (Table 1). For the candidate proteins, the DNA cassettes for cytosolic expression of the G~,,-fused
Grb2 at the N-terminus and the C-terminus (G-y,,-Grb2 and Grb2-G~,y,,) were stably integrated into
the MC-ErC, MC-EsC and MC-EgN yeast chromosomes, generating ErC-Ggrb(grbG), EsC-Ggrb(grbG)
and EgN-Ggrb(grbG) (Table 1) (Fig. S6A,D). As a consequence of GFP transcription assays and mat-
ing selection, the engineered strains co-expressing the EGFR;gsg cyio With C-terminal lipidation motifs
(Ras1C and Stel8C) and the C-terminally G y,-fused Grb2 (Grb2-Gy,,) specifically showed apparent
fluorescence and cell growth on the selective medium (Fig. S6A-F). The accessibility between the phos-
photyrosines of membrane-associated EGFR;g34r o and the SH2 domains of Grb2 or the distance of
Gy complex from the membrane might have influenced the interactions of these proteins or to the
subsequent membrane-anchored effector molecule**2. Compared with the MC-ErC strain introducing
the Grb2-Gry,-expressing autonomous replicating plasmid (pGK413-Grb2-Gn) (Table 2), the ErC-grbG
strain that chromosomally expressed Grb2-G~.,, was determinably more suitable for recovering the
signaling (Fig. 6A-E).

To further test whether the competitor-introduced G~ recruitment system that has designed to select
the affinity-enhanced protein variants interacting with membrane target proteins is applicable to the
intracellular domain of EGFR, we consistently used the membrane-associated EGFR;g;4z 1o and the
Gyo-fused Grb2 as membrane target X’ and candidate Y, proteins, respectively (Fig. 6F). Several
Grb2 variants (Grb2, Grb2ggex and Grb2gge;) with different affinities for the phosphotyrosines of EGFR
were utilized for the competitive parental Y,” proteins (K,; Grb2 > Grb2pgex > Grb2pee)*.

Similar to what was described in the previous section, we tested the new protocol by chromo-
somally integrating the expression cassettes for Y;-G.,, candidate genes (Fig. 6F). As competitive
parental Y, proteins, the genes for expressing the three different Grb2 variants (Grb2, Grb2pg and
Grb2ggc) in the cytosol were integrated into the ErC-grbG yeast chromosome (also co-expressing the
membrane-associated EGFRygs4z oy, With the Raslp lipidation motif as target X’ and the Grb2-Gryy,
fusion protein as candidate Y,-G.y ), generating ErC-grbG-grb, ErC-grbG-E89K and ErC-grbG-R86G
(Table 1). ErC-grbG-LEU yeast strain never expressing any competitor proteins was also generated as
positive control (Table 1).

Both flow cytometric analysis and mating selection displayed the consistent results with the Z vari-
ants as expected (Fig. 6G,H). When using the strains respectively expressing Grb2ggex and Grb2pgeg as
the competitive parental ‘Y, proteins (ErC-grbG-E89K and ErC-grbG-R86G), the Gry,-fused Grb2
expressed as candidate Y," (Grb2-Gny,) predictably recovered the signaling in accordance with the
order of difference in the affinity strengths between the competitive proteins and the candidate proteins.
Similarly, the strain co-expressing the same Grb2 protein as the candidate Y,” and the parental Y, pro-
teins (ErC-grbG-grb) barely showed GFP fluorescence and cell growth on the selective medium. Thus,
we demonstrated that our systems were applicable to the membrane protein, which linked to the cellular
states involved in various diseases.

Discussion. In this study, we found that the previously established G~ recruitment systems**> were
basically unable to utilize membrane proteins as target protein X! The new systems described here
successfully enable the use of membrane proteins as target X; both in the conventional (for screening
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Figure 3. Selection of Z variants binding to a membrane-associated target Fc protein using previous and
new G~ recruitment systems. (A) Previous G~ recruitment system for membrane proteins as targets. (B,C)
Flow cytometric analyses and mating growth assay. The fluorescence and growth intensities of the engineered
strains expressing C-terminally membrane-associated Fc via stable integration into the yeast chromosome as
well as cytosolic Z variants fused to Gy, Y, via autonomous replication plasmids. The control yeast shows
the strain without the expression of Y, fused to Gy, (transformed with pGK413 mock vector). (D) New
G~ recruitment system for membrane proteins as targets. (E,F) Flow cytometric analyses and mating growth
assay. The fluorescence and growth intensities of the engineered strains expressing C-terminally membrane-
associated Fc and cytosolic Z variants fused to Gy, via stable integration into the yeast chromosome. The
control yeast shows the strain without the expression of Y;” fused to Gy, (MC-FC in Table 1).

of PPI candidate Y,” proteins) and competitor-introduced (for screening of affinity-enhanced candi-
date °Y,” protein variants) G~ recruitment systems. In the new systems, only the protocol for expres-
sion of Gry,-fused candidate Y, proteins was changed: instead of autonomous replicating plasmids,
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Figure 4. Competitive selection of Z variants with higher affinities for membrane-associated target Fc
using previous and new methods for affinity-enhanced systems. (A) Previous affinity-enhanced system for
membrane proteins as targets. (B) Flow cytometric analyses and mating growth assay. The fluorescence and
growth intensities of the engineered strains expressing C-terminally membrane-associated Fc and competitor
Zy314 as cytosolic Y, via stable integration into the yeast chromosome as well as cytosolic Z variants Y,’
fused to Gy, via autonomous replication plasmids. Control yeast strains lacked the expression of Y’
fused to Gy, (transformed with pGK413 mock vector). (C) New affinity-enhanced system for membrane
proteins as target. (D,E) Flow cytometric analyses and mating growth assay. The fluorescence and growth
intensities of the engineered strains expressing C-terminally membrane-associated Fc, competitor cytosolic
Z variants ‘Y,’ and cytosolic Z variants Y,’ fused to Gy, via stable integration into the yeast chromosome.
The control yeast shows the strain without the expression of Y,” fused to Gy
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chromosomal integration was employed. These new systems are therefore very simple but highly useful.
The results of the intracellular domain of EGFR and Grb2 interaction showed that our G~ recruit-
ment systems could be exploited as a convenient heterologous system to discern the strong binders to
the phosphotyrosines in the intracellular domain of EGFR, and therefore would provide the basis for
studying other receptor tyrosine kinases as well. In this manner, the screening of binding partners and
affinity-enhanced variants targeted to the inner domains of these membrane proteins has great potential
for applications in the treatment of human diseases.

Previously, we demonstrated that G~ recruitment systems enabled extremely reliable screening that
could completely exclude false-positive candidates**%. Generally, membrane yeast two-hybrid sys-
tems®**133%* and protein fragment complementation assays*? sometimes exhibit background read-
outs?®** due to the use of directly fused artificial transcription factors and automatic self-associations
of the split proteins. These background readouts are a critical problem, even when they are negligible,
especially in the case of growth screening using a large-scale library?. The exclusive selection in G~y
recruitment systems is made possible by using the signal transduction machinery, which requires the
localization of GB/G~ in GFP transcription assays and mating selection (Figs. 3-5). This extremely dis-
ciplined selection machinery makes G~ recruitment systems worth using.

In the G~ recruitment system that has designed for membrane proteins as the target, Z;;, with
extremely low affinity could not be detected in both cases of the flow cytometric analysis and the mating
selection (Fig. 3). Due to the very low affinity between Z;,, and the Fc region (8.0 x 10* M!), the migra-
tion of Gy, to the membrane was likely insufficient for the recovering of the signal transduction. This
affinity (8.0 x 10> M™") seems to be less than a lower limit of our present system, although it is unlikely
that a protein mutant exhibiting such extremely low affinity would be required.

From the perspective of screening for a target membrane protein X, the new methods that chromo-
somally integrate the DNA cassettes expressing G-y,-fused candidate Y,” proteins might have a hand-
icap in constructing a library. Specifically, the transformation efficiencies of homologous integrations
into the yeast chromosome are commonly 10'-10? fold lower than those of autonomous replicating
plasmids (approximately 10°-10° cfu/pg)®-62. Therefore, constructing a large-scale library might require
a little ingenuity to increase the transformation efficiencies, such as via the use of large amounts of DNA,
the electroporation method®-®*, the spheroplasting method®, and use of I-Scel meganuclease®. Even
allowing for this additional effort, however, the conventional G~ recruitment system is a powerful tool
because of its extremely reliable selection of binding partners. In addition, the competitor-introduced
G~ recruitment system, which allows for the specific screening of affinity-enhanced protein variants
(specifically excluding protein variants showing equal or lower affinities*!), is valuable as a unique and
irreplaceable growth selection technique.

A similar approach for screening for affinity-attenuated protein variants among membrane proteins
serving as target X’ made it possible to apply the previous method using autonomous replicating plas-
mids to express the candidate Y,” in the cytosol (Fig. 5). We believe that the unstable expression of
Y’ -fused G-y, using autonomous replicating plasmids rendered the G~ recruitment system useless.
Because it has been reported that plasmid retentions become unstable during signal-promoted states®,
Y, -fused Gy, might be more affected by this unstable plasmid retention than cytosolic Y, is. In any
event, the chromosomal expression of Y, -fused Gy, is favorable in our G~ recruitment systems.

In summary, new G~ recruitment systems make it possible for membrane proteins to be target pro-
tein X’ These systems permit reliable and specific screens for binding partners and affinity-enhanced
protein variants. We envision that our selection method will provide a powerful, broadly applicable tool
for studying biological processes, creating new opportunities to develop new drugs targeting a wide range
of membrane-associated proteins and inner domains of transmembrane proteins.

Methods

Strains and media. The genotypes of Saccharomyces cerevisiae BY47415, MC-F1**, and BY4742%” and
the other recombinant strains used in this study are provided in Table 1. The yeast strains were grown
in YPD medium containing 1% (w/v) yeast extract, 2% peptone and 2% glucose or in SD medium con-
taining 0.67% yeast nitrogen base without amino acids (BD Diagnostic Systems, Sparks, MD, USA) and
2% glucose. The SD medium was supplemented with amino acids and nucleotides (20 mg/L histidine,
60mg/L leucine, 20 mg/L methionine, or 20 mg/L uracil), as required by the auxotrophic strains. Agar
(2%; w/v) was added to the medium to produce YPD and SD solid media.

Construction of plasmids. All plasmids and primers used in this study are listed in Table 2 and
Table S1. Plasmids inserting lipidation motifs were constructed as follows. The fragments of the PGKI
promoter (Ppg;) fused to the lipidation motif of Gpalp (9 a.a. of N-terminus) and the multi-cloning
site were amplified from pGK425% using primer 1, primer 2 and primer 3 and inserted into the
Xhol-BgIII sites of the autonomous replication plasmid pGK425%, yielding plasmid pGK425-GpalN.
The fragments of the PGKI1 promoter fused to the lipidation motif of Stel8p (9 a.a. of C-terminus)
and the multi-cloning site were amplified from pGK425% using primer 1, primer 4 and primer 5 and
inserted into the XhoI-BgIII sites of the autonomous replication plasmid pGK425%, yielding plasmid
pGK425-Stel8C. The fragments of the PGKI promoter fused to the lipidation motif of Raslp (10 a.a.
of C-terminus) and the multi-cloning site were amplified from pGK425% using primer 1, primer 6 and
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Figure 5. Competitive selection of Z variants with lower affinities for membrane-associated target

Fc using the previous affinity-attenuated system. (A) Previous affinity-attenuated system for membrane
proteins as targets. (B,C) Flow cytometric analyses and mating growth assay. The fluorescence and growth
intensities of the engineered strains expressing C-terminally membrane-associated Fc and competitor Zyy as
cytosolic °Y," fused to G-y, Via stable integration into the yeast chromosome and cytosolic Z variants “Y,’
via autonomous replication plasmids. The control yeast shows the strain without the expression of Y,” fused
to Gy and cytosolic Z variants Y,’

primer 7 and inserted into the XhoI-BgIII sites of the autonomous replication plasmid pGK425%, yielding
plasmid pGK425-Ras1C.

The plasmids used for the expression of the Fc fragment on the membrane were constructed as fol-
lows. The fragments encoding the Fc protein were amplified from pUMGP-GyMFcH* using primers 8
and 9 or primers 10 and 11 and inserted into the Sall-BamHI sites of the autonomous replication plasmid
pGK425-GpalN or pGK425-Stel18C, yielding pGK425-GpalN-Fc and pGK425-Fc-Ste18C, respectively.
The cassettes for expression of the membrane-associated Fc protein for integration at the stel8 locus
on the yeast chromosome were then amplified from pGK425-GpalN-Fc or pGK425-Fc-Stel8C using
primer 12 and primer 13 and inserted into the Xhol sites of pGK426-GPTK** using an In-Fusion HD
Cloning Kit (Clontech Laboratories — Takara Bio, Shiga, Japan), yielding pUMGPTK-GpalN-Fc and
pUMGPTK-Fc-Stel8C, respectively.

The plasmids used for the expression of the Gvy,-Z domain variants in the cytosol were con-
structed as follows. The fragment encoding G~ lacking the lipidation sites (Gy,) was amplified
from pUMGP-GYMFcH* using primer 14 and primer 15. The fragments encoding the Z variants
(Zwp Zgssa» Zizia and Zgss) were amplified from pGK-LsZWTc, pGK-LsZK35Ac, pGK-LsZI31Ac and
pGK-LsZ955c*" using primer 16 and primer 17. The fusion fragments encoding the G~y-Z domain
were then amplified from these two fragments by overlap PCR using primer 14 and primer 17 and
inserted into the Sall-EcoRI sites of the autonomous replication plasmid pGK413, yielding plasmids
pGK413-GN-EZWT, pGK413-G~-EZK35A, pGK413-Gv-EZI31A and pGK413-G~-EZ955, respectively.
Subsequently, the cassettes for expression of the G,-Z variants for integration at the his3 locus on
the yeast chromosome were constructed as follows. The fragment containing the STEI8 promoter
(Psis) and the gene encoding G-y, were amplified from pUMGP-GYMFcH* using primer 18 and
primer 19 and inserted into the Xhol-Nhel sites of pGK426%, yielding plasmid pUSTE18p-G~cyto.
The fragment encoding HIS3 terminator (Ty;;) was amplified from the BY4741 genome using primer
20 and primer 21 and inserted into the NotI-Sacl sites of pUSTE18p-Grcyto, yielding plasmid pUS-
TE18p-Grcyto-HIS3t. Finally, the fragments encoding the Z variants were amplified from pGK-LsZW'Tk,
pGK-LsZK35Ac, pGK-LsZI31Ac and pGK-LsZ955¢*! using primer 22 and primer 23 and inserted into the
Sall-BamHI sites of pUSTE18p-Grcyto-HIS3t, yielding plasmids pUSTE18p-Grcyto-ZWT-HIS3t, pUS-
TE18p-Grcyto-ZK35A-HIS3t, pUSTE18p-Grcyto-ZI31A-HIS3t and pUSTE18p-Grcyto-Z955-HIS3t,
respectively.
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Figure 6. Competitive selection of Grb2 for membrane-associated intracellular domain of EGFR.

(A) Previous G~ recruitment system for intracellular domain of EGFR as the membrane target. (B) Flow
cytometric analyses and mating growth assay. The fluorescence and growth intensities of the engineered strains
expressing C-terminally membrane-associated intracellular domain of EGFR L834R mutant (EGFR g3 cyt0)

via stable integration into the yeast chromosome as well as cytosolic Grb2 fused to Gy, Y™ (Grb2-Gryyo)
via autonomous replication plasmids. The control yeast shows the strain without the expression of Grb2-Gn,
(transformed with pGK413 mock vector). (C) New G~ recruitment system for intracellular domain of EGFR as
the membrane target. (D,E) Flow cytometric analyses and mating growth assay. The fluorescence and growth
intensities of the engineered strains expressing C-terminally membrane-associated EGFR;g3p 1o and cytosolic
Grb2-Gryy, via stable integration into the yeast chromosome. The control yeast shows the strain without the
expression of Grb2-Gy,, (MC-ErC in Table 1). (F) New affinity-enhanced system for intracellular domain

of EGFR as the membrane target. (G,H) Flow cytometric analyses and mating growth assay. The fluorescence
and growth intensities of the engineered strains expressing C-terminally membrane-associated EGFRy g3 cyto0
competitor cytosolic Grb2 variants Y," (Grb2, Grb2pgex and Grb2psss) and cytosolic Grb2 Y, fused to Gy,
(Grb2-Gryy,) via stable integration into the yeast chromosome. The control yeast shows the strain without the

expression of any competitive Y,” proteins (ErC-grbG-LEU in Table 1). The negative control yeast shows the
strain without the expression of Y;” fused to Gy
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The cassettes for expression of the cytosolic Z variants as competitors for integration upstream of the
HOP2 gene locus (Pyop,: HOP2 promoter region) on the yeast chromosome were constructed as follows.
The fragments encoding Ppop, were amplified using primer 24 and primer 25 and inserted into the
NotI-Sacl sites of pGK-LsZWTc, pGK-LsZK35Ac, pGK-LsZI31Ac and pGK-LsZ955¢*, yielding plasmids
pGK-LsZWTc-HOP, pGK-LsZK35Ac-HOP, pGK-LsZI31Ac-HOP and pGK-LsZ955c-HOP, respectively.

The plasmids used for the expression of the intracellular domain of EGFR L834R mutant (EGFR g34g cy10)
on the membrane were constructed as follows. The fragments encoding the intracellular domain of
EGFR34p cy1o mutant were amplified from the BIU-GL* genome using primers 26 and 27 or primers 28
and 29 and inserted into the Sall-Miul sites of pGK425-GpalN, pGK425-Ste18C and pGK425-Ras1C,
yielding pGK425-GpalN-EGFR(LR), pGK425-EGFR(LR)-Ste18C and pGK425-EGFR(LR)-Ras1C, respec-
tively. The cassettes for expression of the membrane-associated EGFR|g34p ¢y, for integration at the stel8
locus on the yeast chromosome were then amplified from pGK425-GpalN-EGFR(LR), pGK425-EGFR(L-
R)-Ste18C and pGK425-EGFR(LR)-Ras1C using primer 12 and primer 13 and inserted into the Xhol
sites of pGK426-GPTK* using an In-Fusion HD Cloning Kit, yielding pUMGPTK-GpalN-EGFR(LR),
pUMGPTK-EGFR(LR)-Ste18C and pUMGPTK-EGFR(LR)-Ras1C, respectively.

The plasmids used for the expression of the Grb2-Gry,, in the cytosol were constructed as follows.
The fragment encoding the Grb2-Gr,, was amplified from B1U-GL* using primer 30 and primer
31 and inserted into the Sall-EcoRI sites of the autonomous replication plasmid pGK413% using an
In-Fusion HD Cloning Kit, yielding plasmid pGK413-Grb2-G~. Subsequently, the cassettes for expres-
sion of the Grb2-Gn,, for integration at the his3 locus on the yeast chromosome were constructed as
follows. The fragment containing the STE18 promoter (Pgyy;s) was amplified from pUMGP-GyYMFcH*
using primer 32 and primer 33 and inserted into the XhoI-Nhel sites of pGK416%, yielding plasmid
Ste18p-416. The fragment containing the gene encoding G, were amplified from pUMGP-GyMFcH*
using primer 34 and primer 35 and inserted into the Xbal-EcoRI sites of Stel8p-416, yielding plasmid
pUSTE18p-c-Grcyto. The fragment encoding HIS3 terminator (Ty;s;) was amplified from the BY4741
genome using primer 20 and primer 21 and inserted into the NotI-Sacl sites of pUSTE18p-c-Grcyto,
yielding plasmid pUSTE18p-c-G~cyto-HIS3t. Finally, the fragment encoding Grb2 was amplified from
pGK413-Grb2-G~ using primer 36 and primer 37 and inserted into the Nhel-Xmal sites of pUS-
TE18p-c-Grcyto-HIS3t, yielding plasmid pUSTE18p-Grb2-Grcyto-HIS3t.

The plasmids used for the expression cassettes of the Gry,,-Grb2 for integration at the his3 locus
on the yeast chromosome were constructed as follows. The fragment encoding Grb2 was amplified
from pGK413-Grb2-G~ using primer 38 and primer 39 and inserted into the Nhel-Xmal sites of pUS-
TE18p-Grycyto-HIS3t, yielding plasmid pUSTE18p-Grcyto-Grb2-HIS3t.

The cassettes for expression of the cytosolic Grb2 variants as competitors for integration at the upstream
of the HOP2 gene locus (Pyop,: HOP2 promoter region) on the yeast chromosome were constructed as
follows. The fragments encoding Py;p, were amplified using primer 24 and primer 25 and inserted into
the NotI-Sacl sites of pGK415%, yielding plasmid pGK415-HOP2p. The fragment encoding Grb2 was
amplified from pGK413-Grb2-G~ using primers 38 and 39 and inserted into the Sall-Xmal sites of
pGK415-HOP2p using an In-Fusion HD Cloning Kit, yielding plasmid pGK415-Grb2-HOP2p. The frag-
ment encoding Grb2s; mutant was amplified from pGK413-Grb2-G~ using primers 40 and 42, primers
41 and 43 and the fragments encoding the Grb2pe; mutant was amplified from these two fragments by
overlap PCR using primer 40 and primer 41, and inserted into the Sall-Xmal sites of pGK415-HOP2p
using an In-Fusion HD Cloning Kit, yielding plasmid pGK415-Grb2ygs5-HOP2p. The fragment encod-
ing Grb2ggex mutant was amplified from pGK413-Grb2-G~ using primers 40 and 44, primers 41 and 45
and the fragments encoding the Grb2ggx mutant was amplified from these two fragments by overlap
PCR using primer 40 and primer 41, and inserted into the Sall-Xmal sites of pGK415-HOP2p using an
In-Fusion HD Cloning Kit, yielding plasmid pGK415-Grb2ggx-HOP2p.

Construction of yeast strains. All strains used in this study are listed in Table 1. Integration of the
DNA cassettes for expressing the membrane-associated Fc protein was achieved as follows. The DNA
fragments containing Pgpgg-Ppgi;-Fe-Ste18C-Tpgy-kanMX4-Togs and P g-Ppoi-GpalN-Fe-Tpgk,
-kanMX4- Tz, were amplified from pUMGPTK-Fc-Ste18C and pUMGPTK-GpalN-Fc using primer 46
and primer 47. The amplified DNA fragments were then used to transform MC-F1* using the lithium
acetate method®. The transformants were selected on a YPD + G418 plate to yield MC-FC and MC-FN
(Table 1).

Integration of the DNA cassettes for the G~y,-Z domain variants (Zyr, Zxssas Zizia and Zoss) in the
cytosol was achieved as follows. The DNA fragments containing URA3-Ppgx;-GYepo-Zwr(-Zxssa ~Zizia
and -Zys5)-Tpgi;- Triss were amplified from pUSTE18p-Grycyto-ZWT(-ZK35A, -ZI31A and -Z955)-HIS3t
using primer 48 (containing the homologous regions of the HIS3 promoter) and primer 49. The ampli-
fied DNA fragments were used to transform MC-FC and MC-FN using the lithium acetate method®. The
transformants were then selected on an SD-Ura plate (containing leucine, histidine and methionine) to
yield FC-GW, FC-GK, FC-GI, and FC-G9 and FN-GW, FN-GK, EN-GI and FN-G9 (Table 1).

Integration of the DNA cassettes for expressing the Z variants (Zy, Zgssa> Ziz1a and Zoss) as competi-
tors in the cytosol was achieved as follows. The DNA fragments containing LEU2-Ppgy;-Zy(-Zissp ~Ziz1a
and -Zys5)- Tpgr;-Prop, were amplified from pGK-LsZWTc(-LsZK35Ac, -LsZI31Ac and -LsZ955¢)-HOP
using primer 50 (containing the homologous regions of Pyp, upstream) and primer 51. The amplified
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DNA fragments were used to transform FC-GW, FC-GK, FC-GI, and FC-G9 and FN-GW, FN-GK,
EN-GI and FN-G9. The transformants were then selected on an SD-Leu/-Ura plate (containing histidine
and methionine) to yield FC-GWW, FC-GWK, FC-GWI, and FC-GW9; FC-GKW, FC-GKK, FC-GKI,
and FC-GK9; FC-GIW, FC-GIK, FC-GII, and FC-GI9; and FC-G9W, FC-G9K, FC-G91, and FC-G99
as well as FN-GWW, FN-GWK, FN-GWI, and FN-GW9; FN-GKW, FN-GKK, FN-GKI, and FN-GK9;
FN-GIW, FN-GIK, FN-GII, and FN-GI9; and FN-G9W, FN-G9K, FN-GYI, and FN-G99 (Table 1).

Integration of the DNA cassettes for expressing the membrane-associated intracellular domain of
EGFR L834R mutant (EGFRg34r y10) Was achieved as follows. The DNA fragments containing Psrps-Ppgx
I'EGFRL834R,cyta'Ra51C'TPGKI'kanMX4'TSTE18’ Pgrgs-P PGKI'EGFRL834R,cym'St‘318C'TPGK1'ka”MX4'TSTE1s and
Pr15-Prori-GPaIN-EGFR 34p ¢yt~ Tpoxi-kanMX4-Tgrg s were amplified from pGK425-EGFR(LR)-Ras1C,
pGK425-EGFR(LR)-Ste18C and pGK425-GpalN-EGFR(LR) using primer 46 and primer 47. The ampli-
fied DNA fragments were then used to transform MC-F1* using the lithium acetate method®. The
transformants were selected on a YPD + G418 plate to yield MC-ErC, MC-EsC and MC-EgN (Table 1).

Integration of the DNA cassettes for the Grb2-Gr,, in the cytosol was achieved as follows.
The DNA fragments containing URA3-Ppgy;-Grb2-Gv, - Togri-Triss was amplified from pUS-
TE18p-Grb2-Grcyto-HIS3t using primer 48 (containing the homologous regions of the HIS3 promoter)
and primer 49. The amplified DNA fragments were used to transform MC-ErC, MC-EsC and MC-EgN
using the lithium acetate method®. The transformants were the selected on an SD-Ura plate to yield
ErC-grbG, EsC-grbG and EgC-grbG (Table 1). Integration of the DNA cassettes for the Gy,,-Grb2 in
the cytosol was achieved as follows. The DNA fragments containing URA3-Ppgxi-G7ey0-Grb2-TrgriTrrss
was amplified from pUSTE18p-Grcyto-Grb2-HIS3t using primer 48 (containing the homologous regions
of the HIS3 promoter) and primer 49. The amplified DNA fragments were used to transform MC-ErC,
MC-EsC and MC-EgN using the lithium acetate method®. The transformants were then selected on an
SD-Ura plate to yield ErC-Ggrb, EsC-Ggrb and EgC-Ggrb (Table 1).

Integration of the DNA cassettes for expressing Grb2 variants (Grb2, Grb2gge and Grb2pge;) and
positive control (no competitor expression) as the competitor in the cytosol was achieved as fol-
lows. The DNA fragments containing LEU2-Ppgr;-Grb2(-Grb2pger and -Grb2pges)-Tpgri-Prop, and
LEU2-Pypei;-Trgii-Prop, were amplified from pGK-LsGrb2(-LsGrb2(R89K) and -LsGrb2(R86G))-HOP
and pGK415-HOP2p using primer 50 (containing the homologous regions of Pp,p, upstream) and
primer 51. The amplified DNA fragments were used to transform ErC-grbG. The transformants were
then selected on an SD-Leu/-Ura plate to yield ErC-grbG-grb, ErC-grbG-E89K, ErC-grbG-R86G and
ErC-grbG-LEU (Table 1).

All transformants were obtained by introducing the autonomous replicating plasmids (Table 2) into
these yeast strains using the lithium acetate method®.

GFP reporter expression analysis. GFP reporter expression analysis basically followed previous
methods*!, with certain modifications. In the case of the previous method, the engineered yeast a-cells
were grown in 5mL of SD-His medium (for the PPI detection system), SD-His/-Leu medium (for the
affinity-enhanced system) or SD-Leu/-Ura medium (for the affinity-attenuated system) at 30°C over-
night. The cultured cells were then inoculated in 2mL of fresh SD-His, SD-His/-Leu or SD-Leu/-Ura
medium containing 5pM o-factor (Zymo Research, Orange, CA, USA) to obtain an initial ODg, of 0.1
(ODgyy=0.1). In the case of the new method, the engineered yeast a-cells were grown in 5mL of YPD
medium (for the PPI detection system and affinity-enhanced system) at 30°C overnight. The cultured
cells were then inoculated in 2mL of fresh YPD medium containing 5pM a-factor (Zymo Research,
Orange, CA, USA) to obtain an initial ODgy of 0.1 (ODgy=0.1). The expression of the FIGI-EGFP
fusion reporter gene was then stimulated by growth at 30°C for 6 hours.

The fluorescence intensities of the cultured cells were measured using a BD FACSCanto II flow cytom-
eter equipped with a 488-nm blue laser (BD Biosciences, San Jose, CA, USA)”. The GFP fluorescence
signal was specifically collected through a 530/30-nm band-pass filter. The mean fluorescence intensity
was defined as the GFP-A mean of 10,000 cells. The data were analyzed using BD FACSDiva software
(version 5.0, BD Biosciences).

Mating growth spotting assay. The mating growth spotting assay basically followed a previous
method*!, with certain modifications. For the previous method, each engineered yeast a-cell was grown
in 5mL of SD-His media (for PPI detection system), SD-His/-Leu medium (for the affinity-enhanced
system) or SD-Leu/-Ura medium (for the affinity-attenuated system) at 30°C overnight and then cul-
tivated in 5mL of YPD medium with the mating partner, or the BY4742 «-cell®, at 30°C for 3hours.
The initial ODg, of each haploid cell was set at 0.1 (ODgy,= 0.1). For the new method, each engineered
yeast a-cell was grown in 5mL of YPD medium (for the PPI detection system and the affinity-enhanced
system) at 30°C overnight and then cultivated in 5mL of YPD medium with the mating partner, or
the BY4742 «-cell®’, at 30°C for 3hours. The initial ODg, of each haploid cell was again set at 0.1
(ODgyy=0.1). After cultivation, the yeast cells were harvested, washed, and resuspended in distilled
water. To quantify the mating ability of each strain, a dilution series of each yeast cell suspension was
prepared (ODgyy= 1.0, 0.1, 0.01, 0.001 and 0.0001), and 40pL of each dilution was then spotted on a
selective SD-Ura/Leu plate (lacking methionine, lysine and histidine; for the PPI detection system gen-
erated by the previous method), SD-Ura plate (lacking methionine, lysine, histidine and leucine; for the

SCIENTIFIC REPORTS | 5:16723 | DOI: 10.1038/srep16723 16



www.nature.com/scientificreports/

affinity-enhanced system generated by the previous method), SD-His plate (lacking methionine, lysine,
leucine and uracil; for the affinity-attenuated system generated by the previous method), SD-His/Leu
plate (lacking methionine, lysine and uracil; for the PPI detection system generated by the new method)
or SD-His plate (lacking methionine, lysine, uracil and leucine; for the affinity-enhanced system gener-
ated by the new method).
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