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ABSTRACT: Epidermal growth factor receptor (EGFR) is a member of
the receptor tyrosine kinase family and plays key roles in the regulation of
fundamental cellular processes, including cell proliferation, migration,
differentiation, and survival. Deregulation of EGFR tyrosine kinase activity
is involved in the development and progression of human cancers. In the
present study, we attempted to develop a method to evaluate the tyrosine
kinase activity of human EGFR using the yeast Gy recruitment system.
Autophosphorylation of tyrosine residues on the cytoplasmic tail of EGFR
induces recruitment of Grb2-fused Gy subunits to the inner leaflet of the
plasma membrane in yeast cells, which leads to G-protein signal
transduction and activation of downstream signaling events, including
mating and diploid cell growth. We demonstrate that our system is
applicable for the evaluation of tyrosine kinase inhibitors, which are
regarded as promising drug candidates to prevent the growth of tumor cells.
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This approach provides a rapid and easy-to-use tool to select EGFR-targeting tyrosine kinase inhibitors that are able to permeate

eukaryotic membranes and function in intracellular environments.
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Receptor tyrosine kinases (RTK) are involved in intercellular
signal transduction events that regulate cell growth, migration,
proliferation, and differentiation. RTK dimerization is induced
by the binding of extracellular ligands and is followed by the
autophosphorylation of tyrosine residues, which serve as
docking sites for signal transduction molecules containing Src-
homology 2 (SH2) and phosphotyrosine binding (PTB)
domains, leading to the activation of downstream signaling
events."”?

Epidermal growth factor receptor (EGFR) is a member of the
RTK family and plays essential roles in both normal and
oncogenic signaling pathways.> In normal cells, EGFR is
activated by binding of the epidermal growth factor (EGF) to
the extracellular domain (Figure 1A). However, aberrational
activations of EGFR resulting from its overexpression and/or
activating mutations™ are associated with a variety of human
cancers. Therefore, human EGFR is regarded as an important
therapeutic target in the field of oncology.

One approach to suppress aberrant signal transduction
triggered by EGFR activation is treatment with small-molecule
drugs that inhibit tyrosine kinase activity and thereby block
receptor autophosphorylation."® For example, gefitinib and
erlotinib are small-molecule tyrosine kinase inhibitors (TKI)
that are widely used as anticancer drugs, particularly against
nonsmall cell lung cancer. Due to their low toxicity and good
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efficacy, the identification of TKI targeting human EGFR has
attracted considerable attention for anticancer therapy."
Several biochemical'"'* and cell-based assays'>'* have been
developed to screen for TKI from compound libraries. Among
these assays, the yeast Saccharomyces cerevisiae represents an
inexpensive and tractable heterologous system for measuring the
tyrosine kinase activity of EGFR in a eukaryotic cellular
environment. Due to the absence of endogenous RTK, yeast
provides a null background for measured the expression and
activity of endogenous RTK.” Recently, the Sos- and Ras-
recruitment systems (SRS and RRS, respectively), which are
yeast two-hybrid systems based on the Ras signaling pathway,"
were applied to measuring inhibition of the tyrosine kinase
activity of EGFR by specific inhibitors.”'® Notably, however, the
growth rate of yeast in SRS or RRS is markedly slower than that
found in other growth assays using yeast cells.'” Due to this
limitation, these assays require at least 1 week to screen for TKI.
To establish a method that allows for the rapid evaluation of
EGER tyrosine kinase activity, we adopted the Gy recruitment
system (GRS), which utilizes the yeast G-protein signaling
pathway.'”~?° In this system, activation of the G-protein
signaling pathway by the tyrosine kinase activity of exogenous
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Figure 1. Evaluation of tyrosine kinase activity of human EGFR by utilizing yeast G-protein signal transduction. (A) Schematic illustration of the role
of EGFR in human cells. EGF-induced dimerization leads to autophosphorylation of EGFR through its own tyrosine kinase activity, resulting in signal
transmission regulating cell growth. In contrast, constitutively active EGFR transmits growth signals without restriction and is involved in the
development and progression of human cancers. (B) Schematic illustration of the proposed system for evaluation of tyrosine kinase activity of human
EGFR. Wild-type Gy is lipid-modified at the C-terminus and localizes to the plasma membrane to transmit the intracellular signal. Engineered Gy
lacking membrane association (Gy,) is fused to Grb2. When the intracellular domain derived from EGFR (EGFR,) is not phosphorylated, G-
protein signaling is not restored because Grb2-Gy.,, does not localize to the membrane. However, when EGFR, is phosphorylated by its tyrosine
kinase activity, Grb2-Gy, localizes to the plasma membrane, leading to the restoration of G-protein signaling and induction of the mating response

and generation of diploid cells.

human EGFR integrated on yeast cell membrane results in
diploid formation and cell growth (Figure 1B). In this present
study, we examined the feasibility and potential of this system as
a primary screening tool for identifying TKI targeting human
EGFR.

B RESULTS AND DISCUSSION

General Strategy for Assaying EGFR Tyrosine Kinase
Activity. An outline of the experimental design, which was
based on components of the G-protein signaling pathway and
used for the evaluation of tyrosine kinase activity of EGFR, is
shown in Figure 1B. In this pathway, pheromone stimulation
leads to activation of heterotrimeric G-proteins comprised of
Gpal (Ga), Ste4 (Gp), and Ste18 (Gy) proteins through the G-
protein-coupled receptor. Once activated, G-proteins dissociate
into Ga subunits and Gfy complexes, which then interact
through Gf with effector molecules anchored in the plasma
membrane, leading to activation of downstream signaling.
Because yeast G-protein signaling requires localization of Gy to
the inner leaflet of the plasma membrane, such signaling is
completely disrupted in Gy mutants lacking lipidation sites
(Gycyto)'

To modify this system for the measurement of EGFR tyrosine
kinase activity, the intracellular domain of EGFR (EGFR,),
which contains a tyrosine kinase domain and tyrosine
phosphorylation sites, and Grb2, which contains a SH2 domain,
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fused to Gy (GrbZ—Gycym) were coexpressed in a strain
lacking endogenous Gy (stel8A). In the absence of
autophosphorylated tyrosine residues in plasma-membrane
anchored EGFR, Grb2-Gy.,, does not associate with
EGFR,y, and remains in the cytosol. In contrast, autophosphor-
ylation of EGFR, induces recruitment of Grb2-Gyy, to the
plasma membrane and restores G-protein signal transduction,
leading to diploid cell formation (mating). Thus, by performing
a diploid growth assay, the tyrosine kinase activity of EGFR can
be evaluated in this system.

Investigation of Acceptable Distance Between Gy,
and Plasma Membrane for G-Protein Signaling. To link
EGER tyrosine kinase activity with G-protein signaling, Gf must
interact with the effector molecule anchored in the plasma
membrane when Grb2-Gy,, binds to autophosphorylated
EGFRy, (Figure 1B). As shown in Figure 24, EGFRy, consists
of 541 amino-acid residues (aa), whereas GYyto consists of 105
aa. Due to its large size, it was considered that EGFR, may
sterically hinder the accessibility of the Gfy,, complex to the
membrane-anchored effector molecule.

To assess this possibility, we prepared several Gy,-EGFR,
fusion proteins (Figure 2A). The fusion proteins included an N-
terminal 10-aa myristoylation and palmitoylation (MP)
sequence motif derived from Gpal,” which allow for local-
ization in the plasma membrane after dual lipidation. To
determine the ideal distance between Gy, and the plasma
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Figure 2. Expression of EGFR -Gy, fusion proteins with an N-terminal motif for myristoylation and palmitoylation to investigate the acceptable
distance between Gy, and plasma membrane to restore G-protein signaling. (A) Schematic representation of the fusion proteins constructed in this
study. The N-terminal 10 aa derived from Gpal (yeast Ga subunit), which receives dual lipid modification and confers membrane-targeting ability to
the protein, was termed the MP sequence. Several truncated EGFR,y, of different lengths were inserted between MP and Gy, (B) Schematic
illustration of the relationship between the location of Gfy,,, and restoration of G-protein signaling. With increasing length of the sequence inserted
between MP and Gy GfYcyro would be located at increasing distance from the plasma membrane. (C) Cell count in the diploid growth assay to
investigate the acceptable distance between Gy, and the plasma membrane to restore G-protein signaling. Values are presented as means + standard
deviations from three independent experiments. The lane number corresponds to each protein described in A. (D) Fluorescent reporter assay to
quantify the expression level of a GFP reporter fused to Gy, The dashed line indicates the level of autofluorescence of yeast cells. Values are
presented as means =+ standard deviations from three independent experiments. The lanes correspond to those in C.

membrane based on the length of the inserted peptide sequence
as an indicator, aa sequences of varying lengths derived from
EGFR,y, were inserted between MP and Gy, as shown in
Figures 2A and B.

The stel8A strain MCF-B1L (lacking endogenous Gy) was
utilized as a host to express Gy, and Gy,-fused proteins
(Figure 2A) using the plasmids shown in Table 1. Figure 2C
shows the results of diploid growth assays performed using the
transformant strains. Based on the results in the previous
report,20 GYeyo and MP-Gyy, were used as the negative and
positive control, respectively. Expression of Gy, did not result
in diploid formation, consistent with the impaired G-protein
signaling caused by the lack of lipidation sites. In contrast,
expression of MP-Gy,, which localized to the plasma
membrane, restored G-protein signaling, as evidenced by the
production of diploid cells. As schematically illustrated in Figure
2B, the number of generated diploids varied according to the
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length of the sequence inserted between MP and Gy.,. Fusion
proteins EC22- and EC50-Gy, successfully restored G-protein
signaling and led to the formation of approximately 6-fold more
diploid cells than that formed by cells expressing MP-Gy -
Although EC108- and EC201-Gy,y, also restored G-protein
signaling, the diploid cell count markedly decreased with
increasing length of the inserted EGFR., sequence. Neither
EC300- nor EC401-Gy,y, restored signal transduction, as
demonstrated by the lack of diploid cells.

To compare the expression levels of the Gyy,-fused proteins,
a GFP reporter was fused to the C-terminus of Gy, The
fluorescence intensity of cell suspensions of yeast expressing
each of the GFP-tagged Gy, -fused proteins was measured
(Figure 2D). The fluorescence intensity measurements showed
that although Gy, was synthesized at the highest level, all
GYqo-fused proteins were also clearly expressed in yeast.
Among the examined proteins, EC22-, ECS0-, and EC108-Gy
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name

BY4741
BY4742
MCEF-B1L
BIL-GrG
B1U-GL

pHY-PGA
pHY-Gyc
pHY-10YGyc
pHY-EC22-Gyc
pHY-ECS0-Gyc
pHY-EC108-Gyc
pHY-EC201-Gyc
pHY-EC300-Gyc
pHY-EC401-Gyc
pHY-GycG
pHY-10YGycG
pHY-EC22-GycG
pHY-ECS0-GycG
pHY-EC108-GycG
pHY-EC201-GycG
pHY-EC300-GycG
pHY-EC401-GycG

Table 1. Yeast Strains and Plasmids Used in This Study

description

Yeast Strains
MATa his3A1 ura3A0 leu2 A0 met1SAO
MATa his3A1 ura3A0 leu2A0 lys2A0
BY4741 FIG1::FIGI1-EGFP ste]l8A::LEU2
MCE-BIL his3::HIS3-Ppgy;-GRB2-GY iy Tapiy
BIL-GrG stel8A::URA3-Ppgy;-EGFR(LR) iy Tapp

Plasmids

2 p ori, HIS3 marker and Ppgx;-EGFP
2 p ori, HIS3 marker and Ppgr;-GYyro
2 p ori, HIS3 marker and Ppgi;-MP-GY .y,
2 p ori, HIS3 marker and Ppgy;-EC22-Gy
2 p ori, HIS3 marker and Ppg;-ECS0-GY
2 p ori, HIS3 marker and Ppgy-EC108-GY,y4,
2 p ori, HIS3 marker and Ppg;-EC201-Gyyy,
2 p ori, HIS3 marker and Ppgx-EC300-Gy,y,
2 p ori, HIS3 marker and Ppgg;-EC401-Gyyy,
2 p ori, HIS3 marker and Ppy;-GYy,-EGFP
2 p ori, HIS3 marker and Ppgy-MP-GY.,-EGFP
2 p ori, HIS3 marker and Ppgg;-EC22-Gy,,-EGFP
2 p ori, HIS3 marker and Ppgy-EC50-Gy,,-EGFP
2 p ori, HIS3 marker and Ppg;-EC108-Gyyy,-EGFP
2 p ori, HIS3 marker and Ppgg-EC201-GY,y,"EGFP
2 p ori, HIS3 marker and Ppgy-EC300-Gy,y,-EGFP
2 p ori, HIS3 marker and Ppg;-EC401-Gyyy,-EGFP

reference source

Yeast (1998) 14, 115—132
Yeast (1998) 14, 115—132
PLoS One (2013) 26, 70100
present study

present study

PLoS One (2013) 26, 70100
PL0S One (2013) 26, €70100
PLoS One (2013) 26, €70100
present study
present study
present study
present study
present study
present study
PLoS One (2013) 26: 70100
PLoS One (2013) 26: 70100
present study
present study
present study
present study
present study
present study

pHY-GrG 2 p ori, HIS3 marker and Ppgy-GRB2-GY 4, present study
pUY-PGA 2 p ori, URA3 marker and Ppgy,-EGFP present study
pUY-EC-WT 2 p ori, URA3 marker and Ppgy;-EGFR(WT),,,-FP present study
pUY-EC-LR 2 p ori, URA3 marker and PPGK,—EGFR(LR)Q,,U-FP present study
pUY-EC-KA 2 p ori, URA3 marker and Ppgy;-EGFR(KA),.,-FP present study
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Figure 3. Restoration of G-protein signaling by the interaction between Grb2 and phosphorylated EGFR_,. (A) Schematic representation of the
Grb2- Gy, fusion protein and genetically modified EGFR,, proteins. The C-terminal 9 aa derived from Stel8 (yeast Gy subunit), which receives
dual lipid modification (farnesylation and palmitoylation) and confers membrane-targeting ability to the protein, was termed the FP sequence and
attached to the C-terminus of wild-type (WT), constitutively active (LR), and kinase defective (KA) EGFR, proteins. (B) Images of colony
formation in the diploid growth assay for strain MCF-B1L. Cell suspensions (10 uL, ODg, set at 1) were grown on selective solid medium and
incubated for 2 days. (C) Cell count in the diploid growth assay for evaluation of tyrosine kinase activity of human EGFR. Values are presented as
means =+ standard deviations from three independent experiments.

were expressed at a level equivalent to that of MP-Gyy,
whereas the levels of EC201-, EC300-, and EC401-Gyy,
decreased with increasing length of the inserted sequence.

Notably, even though ECS50-Gy., was synthesized at an
equivalent level to that of EC108-Gy,y, the diploid cell count
substantially differed between the two Gy,,-fused proteins
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Figure 4. Construction of yeast strains with the Grb2-Gy,,, and/or EGFR (LR)Cyto—FP coding genes integrated into the chromosomal DNA. (A)
Schematic representation of the construction and chromosomal integration of the target genes. Strain MCF-B1L was used as the parental strain to
yield strains BIL-GrG (expressing Grb2-Gy.,,) and B1U-GL (expressing both Grb2-Gy, and EGFR (LR),,,-FP). (B) Images of colony formation
in the diploid growth assay for strain BIL-GrG. Cell suspensions (1 mL, ODg set at 0.5) were spread on selective solid medium and incubated for 2
days. (C) Images of colony formation in the diploid growth assay for strain B1U-GL. Cell suspensions (1 mL, ODg set at 0.5) were spread on
selective solid medium and incubated for 2 days. (D) Quantitative cell count in the diploid growth assay after 8 h of cocultivation time. Values are
presented as means =+ standard deviations from three independent experiments.

(Figure 2C). Together, these results indicate that the distance
between Gy, and the plasma membrane significantly
influences the efficiency of G-protein signaling. Specifically,
spatial segregation of Gy, from the plasma membrane by
greater than 300 aa appears to be unfavorable for G-protein
signaling in the GRS.

Relocalization of Autophosphorylated Tyrosine Resi-
dues of EGFR, to the Plasma Membrane Using a C-
Terminal Lipidation Motif. Autophosphorylated Tyr-1068
(Y1068) of EGFR has a crucial role in the recruitment of Grb2
to the plasma membrane”' and is located 423 aa from the N-
terminus of EGFR,, suggesting that Gy, would be
segregated from the plasma membrane when Grb2-Gy .y,
binds to EGFR,,,. However, because Y1068 is located at aa
position 119 when counted from the C-terminus of EGFR,y,,
this residue would be located closer to the plasma membrane if
the C-terminus of EGFR.,, was anchored in the plasma
membrane.

To restore G-protein signaling by locating Y1068 of EGFR;,
closer to the plasma membrane, we added a sequence motif
(FP) consisting of the C-terminal 9 aa derived from Ste18'” for
the attachment of palmitate and farnesyl groups to three types of
EGFR,y, proteins: wild-type EGFR_, (EGFR (VVT)CYtO—FP),
EGFR, derived from an L834R mutant’” that is constitutively
dimerized and activated even in the absence of EGF (EGFR
(LR)Cym—FP), and a kinase-defective K721A mutant*® (EGFR
(KA)Cym—FP; Figure 3A). Strain MCF-BIL was utilized as a host
to express Grb2-Gy., and/or the three EGFR.,, fusion
proteins. Figure 3B shows the results of a diploid growth
assay for the three examined transformant strains. Each cell
suspension (10 uL, ODgq set at 1) was grown on the same
selective solid medium. As expected, expression of Grb2-Gyy,
did not result in diploid cell formation because it cannot
associate with the plasma membrane, and EGFR (LR)Cyto—FP
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alone did not due to the lack of Gy, In contrast, EGFR
(LR)CYm—FP restored G-protein signaling when coexpressed with
Grb2-Gy - Moreover, Figure 3C shows the results of a
quantitative diploid growth assay for the six examined
transformant strains. Each cell suspension (1 mL, ODg, set at
0.5) was grown on an individual selective solid medium, and
then, the number of diploid colonies was measured for
quantitative comparison. Among the three EGFR,-FP
proteins, only EGFR (LR),-FP restored G-protein signaling
when coexpressed with Grb2-Gy,,. Taken together, these
results suggest that autophosphorylation of EGFR.y, induces
both membrane-localization of Grb2-Gy.,, and interaction of
Gf} with the membrane-anchored effector molecule.

In the GRS-based assay developed here, diploid colonies were
visible within 2 days of incubation. This period is dramatically
shorter than the 7 days required for colony formation in the
assay based on RRS.” As expected, the use of GRS allowed for
rapid evaluation of EGFR tyrosine kinase activity. Although
slight autophosphorylation of full-length wild-type EGFR was
previously reported when it was overexpressed without the
addition of EGF in yeast using a high-copy plasmid (containing
2 u ori),” here, EGFR (WT)yo-FP did not restore any
detectable signal transduction when overexpressed using a high-
copy plasmid. As it is possible that the extracellular domain may
be important for dimerization of overexpressed EGFR, even in
the absence of EGF, we selected EGFR (LR).y, as the target for
further evaluation of TKI using this system.

Integration of Genes Encoding Grb2-Gy,,, and EGFR
(LR)y¢o"FP into Yeast Chromosomal DNA to Improve
Gene Stability. Although high-copy plasmids allow for high
gene expression levels, they suffer from poor gene stability. In
our system, the genes encoding Grb2-Gy,,,, and EGFR (LR)CYm—
FP must both be constitutively expressed in yeast cells for the
accurate evaluation of tyrosine kinase activity. To improve the
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Figure S. Inhibitory assay for AG1478. (A) Diploid cell counts in the inhibitory assay examining the dose-dependence of AG1478 in strain B1U-GL
strain (expressing both Grb2-Gyyy,, and EGFR (LR)MO—FP). The cocultivation time with mating partner strain BY4742 was set at 8 h. Relative cell
count was determined by dividing the diploid cell count with AG1478 treatment by that in medium without AG1478. (B) The diploid growth assay
was performed with or without 20 uM AG1478 against strains BY4741 (expressing wild-type Gy) and B1U-GL. Relative cell count was determined by
dividing the diploid cell count with AG1478 treatment by that in medium without AG1478, in order to investigate the inhibitory effect of AG1478 on
EGFR (LR)y, tyrosine kinase activity. Values are presented as means + standard deviations from three independent experiments.

gene stability of this system, we integrated these genes into the
yeast chromosomal DNA of strain MCF-B1L, as shown in
Figure 4A.

The diploid growth assay for the resulting strain, BIU-GL
(expressing both Grb2-Gy,y,, and EGFR (LR)CYm—FP), with the
mating partner was performed after adjusting the cocultivation
time (see Supporting Information Figure S1). Due to a decrease
in the expression levels of Grb2-Gy,,, and EGFR (LR)Cym-FP,
no diploid cells were generated after 1.5 h of cocultivation.
However, the cell count markedly increased with increasing
cocultivation time, and it was confirmed that the integrated
genes were stably maintained in the yeast genome. Because long
periods of cocultivation may facilitate excessive intracellular
clearance of the added candidate compounds, we selected 8 h of
cocultivation for the following evaluation of tyrosine kinase
inhibition.

To confirm that no background colonies are formed after 8 h
of cocultivation, we performed diploid growth assays for strains
B1L-GrG (expresses Grb2-Gy,y,,) and BIU-GL (expresses both
Grb2-Gyy, and EGFR (LR),-FP). No colonies grew on the
solid selection medium in the case of strain B1L-GrG strain
(Figure 4B), whereas numerous diploid colonies were formed
by strain B1U-GL strain (Figure 4C). Figure 4D shows the
quantitative comparison of the diploid cell count. These results
suggest that adjustment of the cocultivation period can
compensate for the lower expression levels of the Grb2-Gy,
and EGFR (LR),-FP genes upon chromosomal integration
without background signals related to the restoration of G-
protein signaling.

Evaluation of EGFR (LR)., Inhibitory Activity of
AG1478. To validate the application of the described system
for the identification of EGFR-specific TKI, we performed the
inhibitory assay using the well-known small molecule EGFR
inhibitor AG1478, which was expected to suppress the tyrosine
kinase activity of EGFR (LR)CYm. In the assay, AG1478
prevented generation of diploid cells in a dose-dependent
manner (Figure SA), and the addition of 16 uM AG1478 almost
completely suppressed the tyrosine kinase activity of EGFR
(LR)CYm. The ICs, values of AG1478 for growth inhibition of
human lung (AS49) and prostate (DU14S) cancer cell lines
were approximately 1.2 4M in a previous report24 and were
estimated to be approximately 2 4M for EGFR in the present
system. These results demonstrate that the effective concen-
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tration for AG1478 was similar in yeast and human cell lines,
and that the present system may be useful for the estimation of
TKI activity in humans.

Although we confirmed that AG1478 had no toxic effects on
yeast growth prior to conducting the inhibitory assay, this
compound may act on endogenous components of the yeast G-
protein signaling pathway. Therefore, we verified that AG1478
specifically prevents the interaction between EGFR and Grb2 by
conducting an inhibitory assay with strains BY4741 (expressing
wild-type Gy) and B1U-GL (expressing both Grb2-Gy,, and
EGFR (LR)y,-FP) (Figure SB). In contrast to strain BY4741,
which formed an equivalent number of diploid cells in the
presence and absence of AG1478, diploid formation by strain
B1U-GL was nearly completed prevented by treatment with
AG1478. These results strongly suggest that AG1478 acted on
the exogenous components EGFR and Grb2.

To provide more evidence of the applicability of this
approach, we conducted the inhibitory assay using another
inhibitor; canertinib (see Supporting Information Figure S2).
The ICy, values of canertinib for growth inhibition of human
neuroblastoma cell lines were between 1.0 and 2.5 uM in a
previous report.”® In the current system, canertinib successfully
exhibited inhibitory effect on EGFR kinase activity at almost the
same level as AG1478. According to the result of inhibitory
assay with strains BY4741 (expressing wild-type Gy), canertinib
also acted on the exogenous components EGFR and Grb2. We
propose that similar verification experiments would be effective
in the primary screening of potential TKI candidates.

Conclusion. We have established a new approach to evaluate
the tyrosine kinase activity of human EGFR and confirmed that
this method may be useful as an exploration tool for identifying
TKI. Use of the yeast G-protein signaling pathway allowed the
construction of a rapid and tractable evaluation system that does
not influence the growth rate of yeast cells. This system may be
applicable for the identification of noncytotoxic EGFR inhibitors
that are able to permeate the plasma membrane and stably
function within the intracellular environment. The method
developed here is also expected to promote further advances in
the discovery of anticancer drugs.
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Table 2. Sequences of Oligonucleotides Used to Construct Plasmids

no. sequence
1 5'-aattggagctccaCCGCGGaaagatgecgatttggocg-3”
2 5'-catgtcgacGCGGCCGCgttttatatttgttgtaaaa-3’
3 5'-atataaaacGCGGCCGCatgcegaccctcegggacgge-3'
4 5'-ccccagtttgGGAT CCtcatgetecaataaattca-3”
N 5'-atataaaacGCGGCCGCatggggtgtacagtgagtacgcaaacaataaggcgcecacatcgttcgg-3”
6 S5'-ttgaactgatgtcattgctccaataaattctge-3”
7 5'-atgacatcagttcaaaactc-3’
8 5'-ccccagtttgGGAT CCttaaacactatttgagtttgac-3”
9 5'-atataaaacGCGGCCGCatggggtgtacagtgagtacgcaaacaataggctccacagetgaaaatge-3”
10 5'-atataaaacGCGGCCGCatggggtgtacagtgagtacgcaaacaataggcagecaccaaattagect-3'
11 5'-atataaaacGCGGCCGCatggggtgtacagtgagtacgcaaacaataggctctgtgcagaatcctgt-3'
12 5'-atataaaacGCGGCCGCatggggtgtacagtgagtacgcaaacaatagtggtggatgccgacgagta-3’
13 5'-atataaaacGCGGCCGCatggggtgtacagtgagtacgcaaacaataggatccaagecatatgacgg-3
14 5'-atataaaacGCGGCCGCatggggtgtacagtgagtacgcaaacaataggcteccagtacctgetcaa-3”
15 5'-tgtagtccatGTCGACaacactatttgagtttgac-3”
16 5'-atataaaacGCGGCCGCatgagtggagaagcteccaacca-3’
17 S§'-ccccagtttgGGAT CCttacataagcgtacaacaaacactatttgatgctccaataaattcactge-3’
18 S'-tttggcccgeccaaa-3’
19 5'-tttgggcgggccaaa-3’
20 S5'-taattccgcgatagegacgggaat-3’
21 S'-gctatcgeggaattaagagaagca-3'
22 5'-atataaaacGCGGCCGCatggaagccatcgecaaa-3”
23 S§'-cgttcaaaaccttgaggatgtccececttt-3’
24 5'-catcctcaaggttttgaacgaagaatgtga-3’
25 5'-ggatgtggtttcatttctat-3’
26 5'-gaaatgaaaccacatccgtggttttttggcaaaatc-3”
27 5'-gtttccaaacttgacagagagggagaagtc-3’
28 S'-tctctgtcaagtttggaaacgatgtgeage-3’
29 5'-atgtcggctgctgtggeacctgttctatgt-3”
30 5'-ggtgccacageagecgacatacgtecagge-3’
31 5"-ccccagtttgGGAT CCttagacgttccggttcacgg-3’
32 S'-ttgaactgatgtcatgacgttccggttcacggggg-3”
33 S'-actacttcgcactagagaaaaaaaatataaaagag-3’
34 5'-cctcacaataACTAGTggagccataatgacagceag-3’
35 S§'-ttatggctccACTAGTtattgtgagggtcagttat-3”
36 5'-tatagactatactagctttgccttegtttatcttg-3’
37 5'-gaacgcggecgcCAGCT Gttcaattcatcatttttttt-3'
38 5'-cgactcactatagggagaccggcagatgggtaataactgatataa-3’
39 5'-catagACTAGTatattatatatatatatagg-3’
40 S'-ctecctatagtgagtcgtattaatttcgat GGAT CCtcttagaattattgagaacg-3’
41 5'-gagaccggeagatCCGCGGggtaccCTCGAGtgatagtaatagaatcca-3'
42 5'-aatatACTAGT ctatgttttggtgtaccgaa-3’
43 5'-gagaccggcagatCCGCGGaaagatgecgatttgggege-3'
44 S'-attactatcaCTCGAGgagcgacctcatgctatace-3’
B METHODS pUY-PGA. The EGFR gene was amplified from pcol2-

Strains and Media. Detailed information about Saccha-
romyces cerevisiae strains BY4741 and BY4742,> as well as the
other strains used in this study, is shown in Table 1. Yeast cells
were grown in YPD medium (1% yeast extract, 2% peptone, and
2% glucose) or SD medium (0.67% yeast nitrogen base without
amino acids [Becton Dickinson and Company, Franklin Lakes,
NJ, U.S.A.] and 2% glucose). Solid medium was prepared by
adding 2% (w/v) agar.

Construction of Plasmids. The sequences of oligonucleo-
tides used as PCR primers in this study are shown in Table 2.
The plasmids listed in Table 1 were constructed as follows.
Using pHY-PGA™ as template, Ppgr, was amplified with
oligonucleotide pair ol and 02, and then inserted in place of
Pgar; at the Sacll-Nofl sites of pUY-GGA,”” yielding plasmid
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EGFR**7*! a5 template using oligonucleotide pair 03 and o4,
and was then inserted into the NotI-BamHI sites of pUY-PGA,
yielding plasmid pUY-EGFR-G.

The gene encoding the intracellular domain of EGFR
(EGFR,,,) was amplified with oligonucleotide pair 05 and 06
using pUY-EGFR-G as template. The gene encoding the Gy
mutant lacking membrane association (Gyy,) was amplified
with oligonucleotide pair 07 and 08, using pHY-Gyc™ as
template. The amplified EGFR, and Gy,y, genes were then
inserted in place of the EGFP gene at the NotI-BamHI sites of
pUY-PGA, yielding plasmid pUY-EC-Gyec.

DNA fragments amplified from pUY-EC-Gyc as template
with oligonucleotide pairs 09 and 08, 010 and 08, o011 and 08,
012 and 08, 013 and 08, and 014 and 08 were inserted in place
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of the EGFP gene at the Notl-BamHI sites of pHY- PGA,
yielding plasmids pHY-EC22-Gyc, pHY-ECS0-Gyc, pHY-
EC108-Gyc, pHY-EC201-Gyc, pHY-EC300-Gyc, and pHY-
EC401-Gyc, respectively. For expression analyses, DNA frag-
ments amplified with oligonucleotide pairs 09 and 015, 010 and
015, 011 and 015, 012 and 015, 013 and 015, and 014 and 015
using pUY-EC-Gyc as template were inserted into the NotI-Sall
sites of pHY- PGA, yielding plasmids pHY-EC22-GycG, pHY-
EC50-GycG, pHY-EC108-GycG, pHY-EC201-GycG, pHY-
EC300-GycG, and pHY-EC401-GycG, respectively.

The plasmids used to express the EGFR,, and GRB2-Gy,,
genes were constructed as follows. The EGFR,,, gene was
amplified from pUY-EC-Gyc as template with oligonucleotide
pair 016 and 017, and then inserted in place of the EGFP gene at
the NotI-BamHI sites of pUY- PGA, yielding plasmid pUY-EC-
WT. DNA fragments amplified from pUY-EC-WT with
oligonucleotide pairs 016 and o018, and 019 and 017 were
inserted in place of the EGFP gene at the NotI-BamHI sites of
pUY- PGA, yielding plasmid pUY-EC-LR. Similarly, the DNA
fragments amplified from pUY-EC-WT with oligonucleotide
pairs 016 and 020, and 021 and 017 were inserted in place of the
EGFP gene at the Notl-BamHI sites of pUY- PGA, yielding
plasmid pUY-EC-KA. Next, five DNA fragments were amplified
from human genomic DNA (Roche Diagnostics KK, Tokyo,
Japan) using oligonucleotide pairs 022 and 023, 024 and 025,
026 and 027, 028 and 029, and 030 and 031, respectively, and
were then inserted in place of the EGFP gene at the NotI-BamHI
sites of pHY- PGA, yielding plasmid pHY-Grb2. To construct a
plasmid for the expression of GRB2-Gy.,, the GRB2 gene was
amplified with oligonucleotide pair 022 and 032 using pHY-
Grb2 as a template, and the Gy,,, gene was amplified with
oligonucleotide pair 07 and 08 using pHY-Gyc as a template.
The amplified GRB2 and Gy,,, genes were then inserted in place
of the EGFP gene at the NotI-BamHI sites of pHY- PGA,
yielding plasmid pHY-GrG.

The plasmids used for integration of the EGFR,,,, and GRB2-
GY 1o gene into yeast chromosomal DNA were constructed as
follows. Tyyg; and Pyyg; were amplified from BY4741 genomic
DNA using oligonucleotide pairs 033 and 034, and 035 and 036,
respectively, and inserted in place of 2 y ori at the Spel sites of
pHY- GrG, yielding plasmid pHY-GrG-Hpt. Next, the URA3
selection marker gene was amplified from pUY-PGA as template
using oligonucleotide pair 037 and 038. Pgrg;g and Trg g were
amplified from BY4741 genomic DNA using oligonucleotide
pairs 039 and 040, and 041 and 042, respectively. The amplified
URA3, Pz g and Tgrp; g fragments were inserted in place of the
kanMX4 selection marker gene at the Pyull-SaclI sites of pK6,””
yielding plasmid pUG-USpt. DNA fragments containing Ppg;-
EGFR(LR)CW-TADHI were amplified from pUY-EC-LR using
oligonucleotide pair 043 and 044, and then inserted into the
Xhol-Sacll sites of pUG-USpt, yielding plasmid pUG-USpt-LR.
Each plasmid was introduced into yeast cells using the lithium
acetate method.>>

Construction of Yeast Strains. The yeast strains
constructed in this study are listed in Table 1. All DNA
fragments were introduced into yeast cells using the lithium
acetate method®>> DNA fragments containing Ppgy;-GRB2-
GYeto Tapr; were prepared by digesting pHY-GrG-Hpt with
Spel, and were used to transform strain MCF-BIL. Trans-
formants were selected on solid SD medium lacking histidine,
yielding strain B1L-GrG.

DNA fragments containing Ppgi;-EGFR(LR )y~ Tapp; were
prepared by digesting pUG-USpt-LR with Spel, and were then
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used to transform strain BIL-GrG. Transformants were selected
on YPD solid medium containing 500 pg/mL G418, yielding
strain B1U-GL.

Fluorescent Reporter Assay. The EGFP gene was fused to
the C-terminus of Gy, and used as a fluorescent reporter of
GYyio-fused hybrid protein expression in yeast cells. Cells were
incubated in SD—His medium at 30 °C for 18 h, harvested,
washed with distilled water, and then resuspended in 100 uL
distilled water to an optical density of 5.0 at 600 nm (ODyy, =
5.0). GFP fluorescence intensity was measured using an Infinite
200 fluorescence microplate reader (Tecan Japan Co., Ltd,
Kawasaki, Japan) at an excitation wavelength of 485 nm (20 nm
bandwidth), emission wavelength of 535 nm (25 mm
bandwidth) the a gain of SO.

Diploid Growth Assay. Evaluation of mating ability was
performed as follows. Each engineered yeast strain was
cultivated in 1 mL YPD medium with BY4742 as a mating
partner at 30 °C for 1.5 h. The initial ODg, of each haploid
strain was 0.1. After cultivation, cells were harvested, washed
once in distilled water, and resuspended in distilled water. Using
the appropriate dilution factor, which was determined based on
ODyy, the cell suspensions were spread on SD plates without
methionine and lysine, but supplemented 20 mg/L, histidine, 30
mg/L leucine, and 20 mg/L uracil (SD—Met, Lys plate) for the
selection of diploid cells. After incubation at 30 °C for 2 days,
the number of colonies formed by each strain were counted and
multiplied by the respective dilution factor to estimate the
number of diploid cells generated in an equivalent volume (1
mL) of cell suspension with an ODgyy of 1.0. Image data of
diploid colonies generated on the SD—Met, Lys plate were also
recorded.

Evaluation of Tyrosine Kinase Inhibition. Each MATa
strain was grown in 1 mL YPD medium containing 20 gM
EGFR kinase inhibitor AG1478 (Wako Pure Chemical
Industries, Ltd., Osaka, Japan) or 5 uM canertinib (AdooQ
Bioscience, LLC., CA, U.S.A.) with strain BY4742 as a mating
partner at 30 °C for 8 h. The initial ODgy, of each haploid strain
was 0.1. After cultivation, cells were harvested, washed once in
distilled water, and resuspended in distilled water. Cell
suspensions of each strain were spread on SD—Met, Lys plates
using the appropriate dilution factor, which was determined
based on ODgy,. After incubation at 30 °C for 2 days, the
number of colonies formed by each strain was counted and
multiplied by the respective dilution factor to estimate the
number of diploid cells generated in an equivalent volume (1
mL) of cell suspension with an ODq, of 1.0. The relative cell
count for each strain was determined by dividing the diploid cell
count by that in medium without AG1478.
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