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It is not well understood how organisms suppress noise in
signaling systems

Kel1 is a noise suppressor of the pheromone pathway in yeast

Spontaneous signaling and pheromone-associated cell
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Kell is regulated by phosphorylation; hyperphosphorylated
Kell suppresses signaling
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In brief

Unscheduled activation of signaling
pathways, such as the pheromone
pathway in budding yeast, is associated
with fitness cost, and mechanisms have
evolved that suppress noise. Garcia et al.
describe a noise suppressor of the yeast
pheromone pathway, Kel1, which
promotes fitness by preventing cell death
when the cell encounters pheromone.
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SUMMARY

Mechanisms have evolved that allow cells to detect signals and generate an appropriate response. The ac-
curacy of these responses relies on the ability of cells to discriminate between signal and noise. How cells
filter noise in signaling pathways is not well understood. Here, we analyze noise suppression in the yeast
pheromone signaling pathway and show that the poorly characterized protein Kell serves as a major noise
suppressor and prevents cell death. At the molecular level, Kel1 prevents spontaneous activation of the pher-
omone response by inhibiting membrane recruitment of Ste5 and Far1. Only a hypophosphorylated form of
Kell suppresses signaling, reduces noise, and prevents pheromone-associated cell death, and our data indi-
cate that the MAPK Fus3 contributes to Kell phosphorylation. Taken together, Kell serves as a phospho-
regulated suppressor of the pheromone pathway to reduce noise, inhibit spontaneous activation of the

pathway, regulate mating efficiency, and prevent pheromone-associated cell death.

INTRODUCTION

A crucial aspect of any organism’s well-being is the ability of cells
to respond to changes in their internal and external milieu. Accu-
rate signal-noise discrimination is particularly important during
conditions that threaten cellular homeostasis, or when a given
signal triggers cellular commitment, such as differentiation.
Low levels of noise within a population of cells may be beneficial
under certain conditions, by allowing a fraction of cells to survive
a dramatic change in environmental conditions (Kaern et al.,
2005). However, high noise levels may be detrimental to cellular
fitness and have been evolutionarily minimized (Balazsi et al.,
2011; Lehner, 2008; Metzger et al., 2015; Wang and Zhang,
2011). Noise has been best studied at the level of gene expres-
sion, where it is often referred to as the stochastic variation in the
protein expression level of a gene among isogenic cells in a ho-
mogenous environment (Raser and O’Shea, 2005; Wang and
Zhang, 2011). Gene expression noise can arise from intrinsic
and extrinsic variations (Raser and O’Shea, 2005). Intrinsic noise
is caused by inherent stochastic events in biochemical pro-
cesses that can occur at various levels during gene expression,
such as transcriptional initiation, mRNA degradation, transla-
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tional initiation, and protein degradation, as well as during signal
transduction (Raser and O’Shea, 2005). Extrinsic noise is caused
by differences among cells, in either their local environment or
the concentration or activity of any factor that influences gene
expression (Raser and O’Shea, 2005; Volfson et al., 2006),
such as age, cell cycle stage, metabolic state, and the number
and quality of proteins and organelles distributed to the mother
and daughter cell during cell division.

The yeast mating pathway is a model for signal transduction
and decision-making (Alvaro and Thorner, 2016; Paliwal et al.,
2007). In haploid yeast cells, this pathway detects and transmits
a pheromone signal emitted by cells of the opposite mating type
to induce a mating response (Figure 1A). Pathway activation re-
sults in cell cycle arrest, activation of a transcriptional program,
and cell wall remodeling to execute the morphological changes
required to mate (Alvaro and Thorner, 2016). Given the potential
fitness cost associated with inappropriate activation of this
pathway (Banderas et al., 2016), signaling occurs in a switch-
like manner with high precision and overall low intrinsic noise
(Dixit et al., 2014; Malleshaiah et al., 2010). The pathway is acti-
vated by binding of pheromone to its G-protein-coupled target
receptor, resulting in dissociation of the heterotrimeric G protein
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Figure 1. Kel1 prevents formation of muilti-
ple shmoos and suppresses cell death in
the presence of pheromone

(A) Overview of the pheromone response pathway.
(B) Protein domains in Kell.

(C) Morphological defects of ke/TA mutants. Dif-
ferential interference contrast images of WT and
kel1A cells in absence or presence of pheromone.
Asterisk, dead cell. Bar, 5 uM.

(D) Kell prevents cell death. Fluorescence micro-
scope images of WT and kel1A cells incubated in
absence or presence of pheromone. Cells were

Coiled coil
domains
1164

831- 979- 1114-
929 1081 1162

G H B None
"7 wr
_ — kel1A = 100
g1 0 8
s 5 75
E 2
g Py
o
305 S 50
3 5
(3 fl:)
=3 <
kt Y |« S 25
¢ 0.0 8
o 0. 2
£
T T _r 1 71 2] 0.
10 75 5 25 0

Distance from disc (mm) wr

into the a-subunit (Gpal) and a GBy heterodimer (Ste4-Ste18;
Figure 1A). The GBy complex recruits Far1 and the scaffold pro-
tein Ste5 to the plasma membrane. Membrane localization of
Steb results in recruitment and activation of a MAPK module
composed of Ste11, Ste7, and the MAPKs Fus3 and Kss1 (Al-
varo and Thorner, 2016). Fus3 then phosphorylates and stimu-
lates the transcription factor Ste12 (Elion et al., 1993), which
induces a transcriptional program required for efficient mating.
Membrane-localized Far1 mediates polarized growth by recruit-
ing the guanine nucleotide exchange factor Cdc24, which stim-
ulates Cdc42 to induce formation of a mating projection (shmoo)
(Butty et al., 1998).

Feedback loops have been identified that improve transmis-
sion of information and that help switch off the pathway. An
example of positive feedback is the increased expression of
FUSS3 that occurs upon activation of Ste12 by Fus3 (Roberts
et al., 2000). Fus3 also provides negative feedback to dampen
the response and help switch off the mating response through in-
hibition of Ste5 recruitment (Choudhury et al., 2018; Repetto
et al.,, 2018; Yu et al., 2008). This is physiologically relevant,
because hyperactivation of the mating pathway, or an attempt
to mate in absence of a partner, can lead to cell death (Severin
and Hyman, 2002; Zhang et al., 2006). Another negative regu-
lator is Sst2, which is a regulator of G protein signaling (RGS)
that inhibits signaling by Gpal (Apanovitch et al., 1998) and
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stained with fluorescein isothiocyanate (0.01 mg/
mL) for 5 min to visualize cell death. Bar, 5 uM.
(E) Percentages of dead cells. Bars: mean of 5 in-
dependent experiments (average of 625 cells per
strain and condition). Error bars: bootstrapped
standard deviations. Statistical significance was
calculated using two-proportion z tests, *0.01< p <
0.05; **p <0.001.

(F) Pheromone sensitivity assay. Cells were plated
in a top layer of agar on which a sterile filter was
placed containing 15 pg of pheromone.

(G) Densitometric quantification of relative cell
growth across the plates shown in (F) (n = 3). Sta-
tistical significance of the density at the region
closer to the disc was calculated using t test,
standard deviation p < 0.001.

(H) Quantification of the number of shmoos per cell
in cultures of WT and kel1A strains treated with
pheromone (132 cells per strain and condition from
5 independent samples). Bars, mean from three
independent experiments; Error bars, boot-
strapped standard deviations. Statistical signifi-
cance was calculated using two-proportion z tests,
***p < 0.001.

kel1A

that mediates desensitization of cells after pheromone treatment
(Dohlman et al., 1995). Sst2 also functions as a noise suppressor
(Dixit et al., 2014). The dominant source of variation in the pher-
omone pathway is thought to be extrinsic noise (Colman-Lerner
etal., 2005), and mutant cells either lacking SST2 or expressing a
mutant form of Gpa1 that is resistant to the GAP activity of Sst2
show increased levels of noise (Dixit et al., 2014). Noise suppres-
sion is required for proper gradient detection and morphogen-
esis, and one potential physiological consequence of elevated
noise in mutant cells is reduced mating efficiency (Dixit et al.,
2014).

Despite the fact that pheromone signaling has been studied
intensively during the past decades, there are still several genes
with poorly characterized functions in the pathway. One such
gene is KEL1, which encodes a 131-kDa protein consisting of
a Kelch propeller and three coiled-coil domains (Figure 1B).
Kel1 was first identified in a screen for genes whose overexpres-
sion relieved the mating defect caused by activated alleles of
PKC1 (Philips and Herskowitz, 1998). kel14 mutants are elon-
gated and heterogeneous in shape and have a defect in cell
fusion. Kel1 localizes to sites of polarized growth and forms a
ternary complex with the cell fusion regulator Fus2 and activated
Cdc42 during mating (Smith and Rose, 2016). Kell also interacts
with formins to regulate the assembly of actin cables (Gould
et al., 2014). These findings suggest that Kell may serve as a
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Figure 2. Kel1 is regulated by phosphorylation

(A) Potential [S/T-P] phosphorylation sites.

(B) Kel1 exists as a phosphoprotein in vivo. Cells either were left untreated or were treated with pheromone for 2 h, after which Kel1-FLAG and Kel1-ala-FLAG
were purified and treated with A phosphatase, followed by Phos-tag gel electrophoresis and western blotting using FLAG antibodies. Untagged KEL 1 and kel14
mutant strains were used as negative controls. Asterisk indicates a proteolytically processed and/or degraded form of Kell.

(C) Cell morphology is controlled by Kel1 phosphorylation. Differential interference contrast images of representative WT, kel7-ala, and kel1-asp cells in absence
or presence of pheromone. Bar, 5 uM.

(D) Quantification of bud ellipticity of the experiment shown in (C). Ellipticity was determined as in Figure S1A. Mean and standard deviations for each strain are
shown as red bars. Statistical significance was calculated using t test, “**p < 0.001; n = 3, analyzing at least 300 cells each (note that only 100 cells were randomly
plotted for clarity).

(E) Quantification of cells with aberrant morphology in absence of pheromone (Figures 1C and 2C). Bars, mean from three independent experiments (of at least
217 cells each); error bars, bootstrapped standard deviation. Statistical significance was calculated using two-proportion z tests, ***p < 0.001.

(F) Efficient shmoo formation requires Kel1 phosphorylation. Quantification of the number of shmoos per cell (132 cells per strain and per condition from 5 in-
dependent experiments) was performed as described in Figure 1H, ***p < 0.001.

(G) Increased death of ke/1-asp mutants after treatment with pheromone, visualized as in Figure 1D. Bar, 5 uM.

(H) Quantification of cell death, as described in Figure 1E, *0.01 < p <0.05.

(I) Pheromone filter assay, performed as described in Figure 1F.

(legend continued on next page)
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hub during the pheromone response, but how and to what extent
Kel1 controls the pheromone response remain unknown.

Here, we characterized the function of Kel1 in the pheromone
response. We present data showing that Kel1 is regulated by
phosphorylation, suppresses spontaneous activation of the
pheromone pathway, has a major role in filtering noise in this
pathway, and prevents pheromone-induced cell death.

RESULTS

Kel1 is important for the pheromone response

During the course of our experiments, we serendipitously
observed that approximately 35% of ke/TA mutant cells died
upon treatment with pheromone (Figures 1C-1E). Careful anal-
ysis revealed that also a small number of wild-type (WT) cells
died after pheromone treatment (Figure 1E), consistent with pre-
vious findings (Severin and Hyman, 2002). The importance of
Kel1 in preventing cell death was reflected in pheromone halo
assays, where we observed a 30% cell-density reduction in
the kel1A strain compared with the WT strain inside the halo,
where the concentration of pheromone is highest (Figures 1F
and 1G). Although the area of the halo was not significantly
different, the interface was sharper (Figures 1F and 1G), consis-
tent with a role for Kel1 in the adaptive response to pheromone.
Indeed, while kelTA mutants had significant morphological de-
fects during vegetative growth, such as elongated buds and
misshapen cells (Figures S1A and S1B), they were also 15 times
more prone than WT cells to initiate more than one shmoo during
pheromone treatment (Figure 1H). Together, these data indicate
that Kel1 prevents pheromone-associated cell death.

Kel1 activity is regulated by phosphorylation

Phosphoproteome studies have detected at least 50 phosphor-
ylated amino acids in Kel1, a substantial number of which are [S/
T-P] sites (https://thebiogrid.org/36592/protein; Figure 2A),
which are typically targeted by proline-directed kinases such
as CDKs and MAPKs. Interestingly, A-phosphatase treatment
of Kel1 resulted in increased mobility on Phos-tag SDS-PAGE,
confirming that Kell exists as a phosphoprotein in vivo (Fig-
ure 2B, lanes 2 and 3; quantified in Figure S1C). Kel1 phosphor-
ylation further increased upon pheromone treatment (Figure 2B,
lane 4), consistent with a previous phosphoproteomics report (Li
et al., 2007). We hypothesized that proline-directed phosphory-
lation might regulate Kel1 and constructed two mutant alleles in
which all [S/T-P] sites were substituted with either alanine or
aspartate residues (kel7-ala and kel1-asp, respectively; see
STAR Methods). These alleles were fused to a C-terminal
FLAG tag and integrated into the KEL1 locus under control of
the endogenous promoter. Phos-tag gel electrophoresis of
immunoprecipitated proteins revealed that Keli-ala migrated
faster than WT Kell1, while phosphatase treatment did not
substantially increase its mobility (Figure 2B, lanes 6 and 7).
Furthermore, treatment with pheromone did not increase phos-
phorylation of this mutant (Figure 2B, lanes 8 and 9). We
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conclude that Kell is phosphorylated on one or several [S/T-P]
sites in vivo.

We noticed that during vegetative growth the buds of WT cells
were slightly oblong, whereas kel7-ala buds were almost
perfectly spherical (Figures 2C and 2D). kel1-asp buds were
significantly more elongated than WT buds, although not as
much as those of kel1A cells (Figures 2C and 2D). Both kel1-
asp and kelld mutant cells frequently showed aberrant
morphology (Figure 2E). More importantly, upon pheromone
treatment, more than half of the kel/7-ala mutant cells failed to
form a shmoo (Figures 2C and 2F), and those cells that did
form a shmoo always generated a single, highly spherical shmoo
(see below). In contrast, kel1-asp mutant cells readily formed
shmoos and were more likely to form multiple shmoos than WT
cells (Figure 2F). Thus, the phenotype of kel1-asp cells resem-
bles that of ke/TA mutant cells, albeit more modest. Phero-
mone-associated cell death was also higher in kel7-asp mutants
than in WT cells, whereas in kel1-ala mutants it was lower (Fig-
ures 2G and 2H). This was reflected in the pheromone halo
assay, which showed that the cell-growth interphase was
sharper in the kel7-asp strain and more diffuse in the kel7-ala
mutant compared to WT (Figures 21 and 2J). Finally, the mating
capacity of kel1A and kel7-ala mutants was significantly reduced
(Figure 2K).

These results indicate that phosphorylation of Kel1 is impor-
tant for regulation of the mating process. Given that ke/7-ala mu-
tants have a phenotype opposite to that of phospho-mimicking
kel1-asp mutants and that the phenotype of kel1-asp cells
generally resembles that of kelTA cells (although milder), we
conclude that (1) hypophosphorylated Kell suppresses the
pheromone response and (2) phosphorylation of certain [S/T-P]
sites relieves the inhibitory effect of Kel1 on the pheromone
response.

Kel1 acts downstream of Sst2 during the mating
response

To identify pathways associated with phosphorylation of Kell,
we performed a genome-wide synthetic genetic array (SGA)
screen (Baryshnikova et al., 2010; Tong et al., 2001). Because
kel1-asp mutants have a loss-of-function phenotype that gener-
ally resembles that of the kel7A strain, we decided to use only the
kel1A and kel1-ala strains as query mutants. These mutants were
crossed into the library of non-essential knockout genes and the
decreased abundance by mRNA perturbation (DAMP) library
(Breslow et al., 2008; Giaever et al., 2002). For all genetic interac-
tions, we calculated genetic interaction scores (STAR Methods).
We focused on a subset of genes that showed differential ge-
netic interactions with the kel7TA and kel7-ala mutations, using
a strict cutoff with differences of at least three standard devia-
tions from the mean (Figure 3A; Figure S1D; Data S1). To find
patterns in this gene list, we studied the reported phenotypes
for these genes using information gathered from the Saccharo-
myces Genome Database. The most highly overrepresented
phenotype was “Resistance to enzymatic treatment” (Figure 3B).

(J) Densitometric quantification of the experiment shown in (I), including two additional independent experiments (n = 3).
(K) kel1 mutants have mating defects. Mating efficiency assay was performed as described in STAR Methods. Bars, mean from three independent experiments;

Error bars, bootstrapped standard deviation, ***p < 0.001.
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indicate genes with reported phenotypes in mating and/or resistance to Zymolyase that show differential genetic scores in the ke/7 mutants.

(B) Gene ontology enrichment analysis of the genes showing differential genetic scores with ke/1A and kel7-ala. Calculation of enrichment is described in STAR

Methods.
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(C) Loss of SST2 enhances the toxicity of pheromone in kel/7 4 mutants. The experiment was performed as described in Figure 1D. Bar, 5 uM.
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Mutations in genes associated with this phenotype often lead to
cell wall defects, resulting in increased sensitivity to cell wall-lytic
enzymes. This is consistent with our finding that ke/7A mutants
frequently undergo cell death during pheromone-induced cell
wall remodeling. The second most overrepresented phenotype
was “Mating response.” This is likely an underestimate, because
many pheromone-associated genes are absent from SGA
screens because of severe mating defects.

We were intrigued by one mating response gene in particular,
i.e., SST2. Loss of SST2 substantially reduced the fitness of
kel1A mutants but did not appear to have a strong effect on
the fitness of kel71-ala mutants (Figure 3A). Even in absence of
pheromone, approximately 8% of the cells in sst2A kel1A cul-
tures were dead (Figures 3C and 3D). Pheromone treatment
strongly increased cell death of ke/1A mutants, and although
cell death in sst2A cultures was similar to WT (Figure 3D), it
was significantly higher in sst2A kel1A double mutants than in
either single mutant (Figures 3C and 3D).

We next studied the cellular morphology of the mutantsin pres-
ence and absence of pheromone. Seven percent of vegetatively
growing sst2A cells showed aberrant morphology, and the buds
of sst2A mutants were generally more elongated than those of
WT cells but to a lesser extent than ke/71A mutants (Figures 3E-
3G). Pheromone treatment resulted in a small but significant
increase in the number of sst2A cells with multiple projections
(Figure 3H). The morphology of the sst2A kel1A mutant resem-
bled that of ke/7A (Figures 3F and 3G), and pheromone treatment
of sst2A kel1A mutants did not further increase the number of
cells with multiple projections compared with the kel1A single
mutant (Figures 3E and 3H). However, the kel71-ala mutation
completely suppressed the morphological defects and inhibited
shmoo formation of sst2A mutants (Figures 3E-3H).

Taken together, these data show that Kel1 and Sst2 regulate
cell morphogenesis both during vegetative growth and in the
presence of pheromone, with Kel1 having a dominant role, and
that Kel1 functions downstream of Sst2 in this process.

Kel1 physically interacts with pheromone pathway
components and may be phosphorylated by Fus3

To better understand how Kel1 is regulated, we immunopurified
Kel1 from untreated and pheromone-treated cells and identified
interaction partners using mass spectrometry (Data S2). We
identified several known Kell interactors, thus validating the
approach (Figure S1E). We looked for proteins that differentially
interacted with Kel1 depending on pheromone treatment and
observed a significant enrichment of proteins with functions in
the mating response (Figure 4A), including Far1, Sst2, Fig1, the
pheromone receptor Ste2, and the MAPK Fus3. We validated
the pheromone-induced interaction between Kel1 and Ste2
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and Fus3 in co-immunoprecipitation experiments (Figure 4B).
The interaction with the proline-directed kinase Fus3 piqued
our interest because Kell is phosphorylated on [S/T-P] sites
in vivo. We evaluated Kel1 phosphorylation using Phos-tag
gels in WT cells, in a fus3A kss1A double mutant, and in mutants
lacking the CDK Pho85, which we included for comparison. In
untreated cells, there was no difference in mobility of Kel1 be-
tween WT cells and fus3A kss1A double mutants (Figure 4C,
lanes 1 and 2). Somewhat unexpectedly, Kel1 phosphorylation
appeared to be reduced in vegetatively grown pho854 mutants
(lane 3), which will be studied in more detail in future studies.
More importantly, in pheromone-treated cells, phosphorylation
of Kel1 was patrtially reduced in the fus3A kss1A double mutant
(Figure 4C, lane 7, compare with lane 6; Figure S1G). It should be
noted that, compared with Kel1-ala, a substantial fraction of Kel1
remained phosphorylated in fus3A kss1A double mutant cells
(compare lane 7 to lanes 9 and 10), indicating that Kel1 is also
phosphorylated by other kinases (see discussion). Because the
possible number of combinations of kinase mutations is rela-
tively large, this will be the focus of future work.

We then asked whether Fus3 can directly phosphorylate Kel1
in vitro. Recombinant full-length Kel1 was insoluble, so we puri-
fied two Kel1 fragments, Kel1-NT (1-122) and Kel1-mid (462-
750), which together cover all but two [S/T-P] sites (T178 and
T293). Interestingly, Fus3, but not kinase-dead Fus3, efficiently
phosphorylated Kel1-mid, and to a much lesser degree also
Kel1-NT, and it failed to phosphorylate fragments with alanine
substitutions (Figure 4D). Taken together, these data suggest
that Fus3 is at least partially responsible for Kel1 phosphoryla-
tion, although other kinases likely also contribute to this process.

Kel1 prevents spontaneous recruitment of Ste5 and

Far1 to inhibit formation of mating projections in
absence of pheromone

Vegetatively growing kel74 mutant cells often formed elongated
structures that resemble shmoos, so we monitored membrane
localization of Ste5 and Far1, which are markers for formation
of mating projections (Nern and Arkowitz, 1999). Strikingly,
even in absence of pheromone, we observed that NeonGreen
(mNG)-tagged Ste5 and Far1 were spontaneously recruited to
patches at the cell cortex both in kel74 mutants and in kel7-
asp mutant cells (Figures 5A and 5B). This was not observed in
WT cells or in kel1-ala mutants. Whereas pheromone treatment
resulted in localization of Ste5-mNG and Far-mNG at the cortex
of WT cells, this was undetectable in the kel7-ala mutant (Figures
5A-5C). These findings show that the polarized structures in
vegetatively growing kelTA and kel1-asp mutants are indeed
spontaneous shmoos and suggest that Kel1 suppresses sponta-
neous signaling through the pheromone pathway. Therefore, we

(D) Quantification of cell death, described as in Figure 1E, ***p < 0.001 (132 cells per strain and per condition from 5 independent experiments).
(E) kel1-ala suppresses the morphological defects of the sst2A mutant. Microscopic images of the indicated strains in absence or presence of pheromone.

Asterisk, dead cells. Bar, 5 uM.

(F) Quantification of bud ellipticity of untreated cells in the experiment shown in (E), including two additional independent experiments (300 cells each, only 100
cells were randomly plotted for clarity). The analysis and statistics were performed as described in Figure 2D.

(G) Quantification of cells with aberrant morphology in untreated cells (E) was performed as in Figure 2E (at least of at least 217 cells each), **p < 0.001.

(H) Expression of kel1-ala inhibits shmoo formation of sst2A mutant cells. Quantification of the number of shmoos per cell (132 cells per strain and per condition
from 5 independent experiments) was performed as in Figure 1H, *0.01 < p < 0.05; **p < 0.001.
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Figure 4. Kel1 binds multiple components
of the mating response pathway in
response to pheromone

(A) Volcano plot of immunoprecipitation-mass
spectrometry experiments using Myc-tagged
Kell in absence or presence of pheromone.
Enrichment of interaction partners was deter-

Cdet1 Input, WB: Cde11 mined by quantitative mass spectrometry. Bind-

54 . .
C Unireated Pheromone ing partners enriched >1.6-fold after treatment

P2 1 2 3 4 5 6 7 8 9 10 with pheromone (p < 0.013) are shown in red.
|- pp-Kelt (B) Pheromone-induced physical interactions
0 . - veoppKell  hetween Kel1-Ste2 and Kel1-Fus3. Myc-tagged
-2 | O(FO 2 $ EXA SN N XA N Kell was immunoprecipitated from cells ex-
09, A N N N . .
’ @,;,v & ¢ é},v Qg,v @ Q:PV pressing Ste2-GFP, after which cell lysates were
N A N . .
P4 rd analyzed by western blotting using GFP- and
N N Y -
¢ @ Fus3-specific antibodies.
T604 ici i i -
D g5 477 o (C) Efficient phosphor}lllatlon of Kel1 during pher
TI8 T35 T47 S67 S121 T467  T480 T626 omone treatment requires Fus3/Kss1. Experiment
T549 : —
\‘ Toso ‘ I was described as in Figure 2B.
Kel1-NT Gst|  Keltmid (462.750) ) (D) Fus3 can phosphorylate Kel1 in vitro. Two re-
A o+ s Fus3 + P combinant Kell fragments covering all but two
Fus3kD  + oo+ Fus3-KD  + ot potential [S/T-P] sites, their alanine substitutions,
GST + + + GST + + . . . . .
GST-Kell-NT + + o+ GST-Kel1-mid + - and plain GST were subjected to in vitro kinase
GST-Kel1-mid-ala + + +

GST-Kel1-NT-ala + + o+

Fus3

4 GST-Kel1-NT

4 GST

|« Fus3-=p

|4 GST-Kel1-NT-2P

analyzed the mRNA levels of two genes known to be upregulated
by the pheromone pathway, i.e., FUS3 and STE2 (Oehlen et al.,
1996). Although there was no significant difference in FUS3 and
STE2 mRNA levels between populations of WT cells and any of
the kel1 mutants after pheromone treatment, ke/7A mutant pop-
ulations showed a significant increase in mRNA levels in
absence of pheromone (Figure 5D), confirming that Kel1 sup-
presses spontaneous pathway activity.

If Kel1 indeed inhibits spontaneous signaling through the pher-
omone pathway by preventing the accumulation of Ste5 at the
cell cortex, then deletion of STE5 should reverse the phenotype
of kel1A and kel-asp mutants. The buds of vegetatively growing
ste5A mutants were significantly more spherical than those of
WT cells (Figures 5E and 5F), and deletion of STE5 also signifi-
cantly reduced the aberrant bud and cell morphology pheno-
types of kel1A and kel1-asp mutant cells (Figures 5E-5G). Impor-
tantly, deletion of STE5 almost completely rescued pheromone
treatment-induced lethality in ke/7A and kel1-asp mutants (Fig-
ures 5H and 5I). It should be noted that the absence of Ste5
has multiple effects on the cell: it not only diminishes expression
of multiple pathway components, but it also prevents the recruit-
ment and activation of pathways components that are ex-
pressed. Nonetheless, these data show that Kel1 suppresses
spontaneous activation of the pheromone pathway by prevent-
ing aberrant recruitment of Ste5 to the cell cortex.

assays with recombinant Fus3 or kinase-dead
Fus3 (Fus3-KD) as described in STAR Methods.

Hypophosphorylated Kel1
cooperates with Sst2 to prevent
spontaneous pheromone signaling
and to dampen the pheromone
response

Spontaneous activation of the phero-
mone pathway has been observed previ-
ously and was found to originate down-
stream of the receptor at the level of the G protein (Siekhaus
and Drubin, 20083), which we confirmed (Figure S1F). Mecha-
nisms exist that suppress spontaneous signaling; for instance,
RGS proteins like Sst2 inhibit unscheduled G protein signaling
(Siekhaus and Drubin, 2003). Given our findings that Kell acts
downstream of Sst2, but either at or upstream of Ste5, and
that the kel71-ala mutant suppresses the morphological defects
observed in sst2A mutant cells, we hypothesized that Kel1 might
cooperate with Sst2 to inhibit spontaneous signaling. We made
use of a dual reporter system based on expression of GFP under
control of the pheromone pathway-sensitive FUS7 promoter and
mCherry under control of the pheromone pathway-independent
ADH1 promoter; the ratio of GFP/mCherry is a measure of
signaling pathway activity at single-cell resolution (Dixit et al.,
2014). Interestingly, single-cell microscopy revealed that in the
absence of pheromone, the GFP/mCherry ratio was significantly
higher in kel1A mutants than in WT cells (0 min in Figure 6A; time
course in Figure 6B; quantification in Figure 6C), confirming our
finding that Kel1 serves as a major signal suppressor in absence
of stimulus. We then analyzed the relative contributions of Sst2
and Kell in suppressing spontaneous activity of the signaling
pathway. In the absence of pheromone, the basal level of the
signal was higher in the sst2A mutant than in the WT strain and
was similar to that of ke/7A mutants (Figures 6A-6C). However,
sst2A kelTA double mutants had significantly higher basal
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Figure 5. Kel1 functions upstream of Ste5 to prevent spontaneous formation of shmoos
(A) Kel1 prevents ectopic recruitment of Ste5 in absence of pheromone. mNeonGreen-tagged Ste5 (Ste5-mNG) was imaged in living cells in absence or presence

of pheromone. Arrows, cortex-localized Ste5. Bar, 5 pM.
(B) Cortical recruitment of Far1-mNG was studied as in (A). Bar, 5 uM.

(C) Quantification of the overall intensity of Far1-mNG (B) in presence of pheromone. Bars represent the mean of the relative intensity and the error bars the
standard deviation. Statistical significance was calculated using t test, ***p < 0.001.

(D) Kel1 prevents spontaneous expression of pheromone-induced mRNAs. FUS3 and STE2 mRNA levels were analyzed in WT and ke/7 mutants in absence and
presence of pheromone. MRNA levels were normalized to WT. Error bars: standard deviation. Statistical significance was calculated using t test, *0.01 < p < 0.05;

three independent experiments.

(E) Deletion of STE5 rescues kel1A phenotypes. The indicated strains were incubated in the absence or presence of pheromone before imaging. Bar, 5 uM.
(F) Quantification of bud ellipticity of untreated cells in the experiment shown in (E). Mean and standard deviations for each strain are shown as red bars. Statistical

significance was calculated using t test, **p < 0.001.

(G) Quantification of cells with aberrant morphology in the absence of pheromone of the experiment shown in (E). Analysis as in Figure 2E, ***p < 0.001.
(H) Deletion of STE5 prevents cell death in the kel/7A and kel7-asp mutants. Cell death was visualized as in Figure 1D. WT image was taken from an independent

experiment. Bar, 5 uM.

(I) Quantification of cell death of the experiment shown in (H). Analysis as in Figure 1E, **0.001 < p < 0.01.

signaling levels than either single mutant, whereas the kel7-ala
mutation suppressed spontaneous pathway activity in the
sst2A mutant to levels that were not significantly different from
WT levels (Figures 6A-6C).

Next, we treated the different strains with pheromone and
monitored cellular responses using single-cell time-lapse micro-
scopy. Compared to the WT strain, the signal amplitude was
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higher in the majority of ke/TA mutants (Figures 6A and 6D).
Quantification of the signal after 180 min of pheromone treat-
ment supported these findings (Figure 6E). Pheromone treat-
ment resulted in a generally higher amplitude in sst2A cells
than in WT cells (Figures 6A-6C), but strikingly, expression of
kell-ala in the sst2A background reduced the output of the pher-
omone signaling pathway to a level comparable to that of WT
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(A) Representative micrographs of pheromone
signaling time-courses. Populations of cells of the
indicated genotype carrying the reporter system
FUS1p-GFP/ADH1p-mCherry were imaged by
fluorescence microscopy at different timepoints in
absence or presence of pheromone. Bar, 5 uM.
(B) Pheromone signal trajectories in untreated
cells. Cells were imaged every 10 min. After image
alignment, cells were identified, labeled, and
tracked over time (50 min). For each individual cell
the ratio of GFP/mCherry intensities was measured
and plotted (blue trajectories). The plot shows the
cellular trajectories of one representative experi-
ment.

(C) Median GFP/mCherry intensity in absence of
pheromone. After 60 min in the absence of pher-
omone, the median of the GFP/mCherry ratios was
calculated for each strain, and the values of 4 in-
dependent experiments (red dots) were plotted.
Statistical significance was calculated using Tu-
key’s test on ANOVA fitted data, *p < 0.05; **p <
0.005; ***p < 0.0001. ns, not significant.
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cells (Figures 6A, 6D and 6E). These data are consistent with an
inhibitory role for hypophosphorylated Kel1 downstream of Sst2.

Kel1 suppresses noise in the pheromone signaling
pathway

We noticed that there existed considerable cell-to-cell variability
inthe pheromone response of kel 1 4 populations, suggesting that
Kel1 may suppress noise in the pathway. We measured the over-
all signaling noise as the coefficient of variation (CV; i.e., the ratio
between the standard deviation and the mean) of the median
population response before and after pheromone treatment.
The dispersion (the extent to which a distribution is stretched or
squeezed) in WT signaling was between 40% and 50% both
before and after pheromone treatment, but it increased slightly
in the dynamic range of the pheromone response as previously
reported (Figures 7A and 7B) (Dixit et al., 2014). Interestingly, in
untreated cell populations, the signal dispersion was significantly
higher in kel7TA mutants than in WT cells, whereas there was no
significant difference between sst2A and WT cells (Figures 7A
and 7B, see Figure 7C for a dispersion time course), indicating

> ,&i&s Q\W‘\@“ that Kel1 is a suppressor of noise in the

S pheromone pathway. After 180 min of
pheromone treatment, we could no longer
observe the increase in overall noise that
we detected in populations of ke/74 and
sst2A mutants in absence of pheromone (Figure 7B). This is likely
a consequence of the elevated signaling and increase in average
GFP expression in these mutants, which causes an expected
decrease in CV for overdispersed distributions (Figure 6; Eling
et al.,, 2019). The increased signaling variability in the kel14
mutant in the absence of pheromone led us to speculate whether
Kel1 serves to suppress intrinsic signaling noise and sponta-
neous activation of the signaling pathway while maintaining
high signaling fidelity in response to pheromone. We used regres-
sion to estimate the intrinsic noise from non-reducible residual
fluctuations over modeled signaling trajectories for individual
cells (Hilfinger and Paulsson, 2011). By using a linear model in
the linear range of the pheromone signaling response, we
observed a significant increase in variation over the predicted
signaling trajectories in the kel/74 mutant and the kel714 sst24
double mutant compared with the WT strain (Figures 7D and
7E), whereas the sst24 mutation alone did not significantly in-
crease residual variation. Interestingly, expression of the kel7-
ala allele strongly reduced variation to levels well below those
of WT cells (Figures 7D and 7E). Taken together, these results

3 >
S

5 &

&

Cell Reports 37, 110186, December 28, 2021 9




¢? CellPress

OPEN ACCESS

: (D)

Cell Reports

Figure 7. Kel1 prevents noise in the phero-
mone signaling pathway

(A) Noise in the pheromone signaling pathway in
absence of pheromone. Noise was computed as
the ratio between the standard deviation and the
median of the ratio of GFP and mCherry fluores-
cence intensities after 60 min in absence of pher-
omone from 4 independent experiments (red dots).
Statistical significance was calculated using Tu-
key’s test on ANOVA fitted data, *p < 0.05; **p <
0.005; ***p < 0.0001. ns, not significant.

(B) Noise in the pheromone signaling pathway in
presence of pheromone (15 mg/L for 180 min),
calculated as in (A).

(C) Signal dispersion in the pheromone signaling
pathway upon pheromone treatment over time.
Within-cell variations in the pheromone
signaling pathway. Fluctuation trajectories of indi-
vidual cells (blue lines) were calculated by

. computing the absolute error of the ratio of GFP

and mCherry intensities from an averaged linear

H trajectory for each individual cell after addition of

pheromone for 50 to 130 min.

(E) Median of the intrinsic residual error in the linear
range (50-130 min) of the pheromone signaling
pathway. The residual error was calculated as in
(D). Statistical significance was calculated using
Tukey’s test on ANOVA fitted data, *p < 0.05; **p <
0.005; ***p < 0.0001. ns, not significant. Four in-
dependent experiments were performed in which
at least 31,000 cells were analyzed for each strain.
Autofluorescent dead cells were filtered out.

Fus3 is one putative Kel1 kinase, but other
kinases also contribute. Several proline-
directed kinases have been shown to
have a role in the pheromone response,
including the MAPKs Kss1 and Slt2 (Zar-
zov et al., 1996). The CDK Pho85, which
appeared to be involved in Kel1 phosphor-
ylation in vegetative cells, responds to
certain environmental cues, such as
nutrient status, and it will be interesting
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show that Kel1 suppresses noise, and it limits spontaneous signal
transmission in the absence of pheromone.

DISCUSSION

High levels of noise in signaling pathways can result in a substan-
tial fitness cost, so filtering mechanisms have evolved to
suppress noise. Here, we show that hypophoshorylated Kel1 me-
diates noise suppression, inhibits spontaneous activation of the
pathway, and prevents cell death during pheromone treatment.
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to study how Pho85 affects Kell. Cdk1 is
inhibited by pheromone treatment and
therefore less likely to phosphorylate
Kel1 (Peter and Herskowitz, 1994). Other
CDKs include Bur1, Ctk1, Srb10, and
Kin28, which are best known for transcrip-
tion, although some also have non-tran-
scriptional functions (Rother and Strasser, 2007; Zhu et al.,
2016). Non-proline-directed kinases that can target [S/T-P] sites
include Tor1/2, the GSK3B homologs Mck1, Ygk3, Mrk1, and
Rim11, and the LAMMER kinase Kns1. Thus, the number of
possible permutations of combined kinase knockouts is large,
which is also true for the number of potential combinations of
alanine or aspartate substitutions. Systematic mapping of phos-
phosites and kinase mutagenesis will therefore be the focus of
future studies. We expect that this will provide insight into the up-
stream signals and pathways that converge upon Kel1 in parallel
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to the pheromone response pathway. It is possible that Kel1 inte-
grates certain cell homeostasis signals, such as status of the cell
wall, or nutrient availability, with polarized shmoo growth. Inter-
estingly, it was recently shown that in response to mechanical
stress, Pkc1 prevents lysis of pheromone-treated cells by phos-
phorylating Steb, resulting in dispersal of Ste5 from the site of
polarized growth (van Drogen et al., 2019). We found that Kel1
also suppresses lysis during pheromone treatment and that it
regulates Ste5 localization. Moreover, Kel1 was first identified
in an overexpression screen for genes that overcome the fusion
defect of cells expressing activated Pkc1 (Philips and Hersko-
witz, 1998). It will be interesting to investigate the relationship be-
tween Pkc1, Kel1, and Ste5 at the molecular level.

What could be the physiological relevance of Kel1 during mat-
ing? Under suboptimal mating conditions where mates are only
transiently available, such as in dynamic aqueous environments,
hypophoshorylated Kel1 may prevent unsuccessful mating at-
tempts; unsuccessful mating is associated with a fitness cost
(Banderas et al., 2016; our working model is shown in Figures
S2A-S2D). We speculate that phosphorylation and thereby inhi-
bition of Kel1 by Fus3 may help set up a feedback loop that
boosts the pheromone response (Figure S2B); such feedback
loops can act as bistable switches, resulting in rapid all-or-
none changes in cellular states (Ferrell, 2002). Previous findings
indicate Ste5-dependent switch-like behavior of the mating
pathway (Malleshaiah et al., 2010; Paliwal et al., 2007); it will
be interesting to test if and how Kel1 affects switch-like deci-
sion-making in the pheromone pathway.

Computer simulations and experimental studies have revealed
mechanisms that provide robustness to the mating response
(Chen et al., 2016; Howell et al., 2012), which is defined here
as the persistence of a system’s behavior under conditions of
uncertainty. Robustness is critical for efficient yeast mating,
and one way that cells improve robustness is by reducing the
sensitivity to pheromone, which is in part mediated by Sst2
(Chen et al., 2016). We found that the transcriptional response
to pheromone in individual ke/7 4 mutant cells fluctuated consid-
erably over time, whereas kel7-ala mutants showed fewer fluctu-
ations than WT cells. This suggests that hypophosphorylated
Kel1l may provide robustness to the system. The phenotype of
the kel14 mutant and the kel7-ala mutant masked the increase
in signaling noise in sst24 mutants, indicating that proper control
of Ste5 may be the dominant limiting factor for signal transmis-
sion fidelity and amplitude. We believe that the balance between
phosphorylated and hypophosphorylated Kell is important for
fine-tuning the output of the pathway by controlling Ste5.

Limitations of the study

Although the phenotype of the kel7-asp allele resembled that of
the kel1 4 mutation, it was generally less penetrant. This could be
due to the fact that phosphomimicking residues do not always
fully replicate the effect of phosphorylation (e.g., see Paleologou
et al., 2008). For instance, substitution with Asp/Glu residues
confers just a single negative charge, whereas phosphogroups
confer multiple; there are differences in the distance of the nega-
tive charges to the protein backbone; and the pKa values are dis-
similar. kel74 mutant cells may also have lost certain functions
important for morphogenesis that are not regulated by phos-
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phorylation, such as potential adapter functions conferred by
the Kelch propeller and the coiled-coil domains. Other limitations
of our study that remain to be addressed are to identify the phos-
phatase that targets Kel1 and to determine how phosphorylation
regulates Kel1 activity at the molecular level, although it does not
affect the expression or localization of Kel1 (Figures S1H and
S1l). The mechanism by which Kel1 controls activity of the mat-
ing pathway also remains to be established. Kel1 consists of a
Kelch propeller and coiled-coil domains, which are known to
mediate multimerization and protein-protein interactions. Given
that Kel1 can physically interact with Ste2, Sst2, Far1, Steb,
and Fus3, we speculate that Kel1 may form a phospho-depen-
dent platform that integrates signals to regulate the pheromone
pathway. Future studies will focus on unraveling the molecular
mechanism by which Kel1 regulates membrane recruitment of
Ste5 and Far1.

In conclusion, we have shown that Kel1 is an important regu-
lator of the mating pathway with a major function in noise
suppression.
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KEY RESOURCES TABLE

Cell Reports

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-FLAG-Peroxidase (HRP) Sigma-Aldrich Cat# A8592, RRID:AB_439702
Anti-FLAG Magnetic Beads Sigma-Aldrich Cat# M8823, RRID:AB_2637089

c-Myc tag
Myc-Tag (9B11) Magnetic Beads

Peroxidase AffiniPure Goat Anti-Rabbit IgG
(H+L)

Anti-GFP
Peroxidase AffiniPure Goat Anti-Mouse IgG

Cell Signaling Technology
Cell Signaling Technology
Jackson Immunoresearch Europe Ltd

Roche
Jackson Immunoresearch Europe Ltd

Cat# 9402, RRID:AB_2151827
Cat# 5698, RRID:AB_10707161
Cat# 111-035-144, RRID:AB_2307391

Cat# 11814460001, RRID:AB_390913
Cat# 115-035-174, RRID:AB_2338512

Fus3 (yN-19), HRP conjugated Santa Cruz Cat# sc-6772, RRID:AB_671992
Anti-Cdc11 Antibody (C-9), HRP Santa Cruz Cat# sc-166271, RRID:AB_2008723
conjugated

Bacterial and virus strains

E. coli BL21 Takara Cat# 9126

Chemicals, peptides, and recombinant proteins

Fluorescein isothiocyanate isomer | (FITC) Sigma Cat# F7250

a-Factor Mating Pheromone Genscript Cat# RP01002
Paraformaldehyde, 16%), methanol free Alfa Aesar Cat# 43368

Triton X-100 Merck Cat# T8787

Protease Inhibitor Cocktail Set IV Merck Cat# 539136

Phosphatase inhibitor cocktail (PhosSTOP) Roche Cat# 4906837001

Phos-tag (TM) Acrylamide AAL-107

Wako chemicals

Cat# 300-93523

Glutathione Sepharose 4B beads Merck Cat# GE17-0756-01

Kanamycin Sigma Cat# K1377

Nourseothricin Jena Bioscience Cat# AB-101

Critical commercial assays

RNA extraction the RNeasy Mini Kit QIAGEN Cat# 74106

QuantiTect Reverse Transcription Kit QIAGEN Cat# 205313

Power SYBR™ Green PCR Master Mix Applied Biosystems™ by Cat# 4367659
Thermo Fisher Scientific

Deposited data

Mass-spectrometry data ProteomeXchange Consortium PXD020833

Experimental models: Organisms/strains

S. cerevisiae: Strain background: S288C Euroscarf Cat# Y00000

Also see strains in Suppl. Table S1

Oligonucleotides

kel1-S1GAAAAGTTAGAGCCCGTTTGCTT Eurofins N/A

CAATTTGCACCTAGAAAATAACTCAAACA

TGCGTACGCTGCAGGTCGAC

kel1-S2GTTTATTATTATTATTGTTATTACA Eurofins N/A

CATGAAAAGTGAAATTTCATTACGCATAT

TGTCTTTTAATCGATGAATTCGAGCTCG

Kel1-FGCGTCATTAGTCTTTGCGAATGC Eurofins N/A

ATG

Kel1-RGGCGACCCAGTATGCATGCCG Eurofins N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
NAT-FGCAGGCGCTCTACATGAGCATG Eurofins N/A
NAT-RGGTAAGCCGTGTCGTCAAGAGTG Eurofins N/A
kel1-S3GGAAAATAACACCAAACAAGTTA Eurofins N/A
ATGAAGATGCTGACAGCGATCTACTACG

TACGCTGCAGGTCGAC

kel1-chk3GTTCAAAAATGGCGTCTGCA Eurofins N/A
GTG

sst2-S1CTGAGGCGTTATAGGTTCAATTT Eurofins N/A
GGTAATTAAAGATAGAGTTGTAAGATGC

GTACGCTGCAGGTCGAC

sst2-S2AAAAGGACTGTTTGTGCAATTGT Eurofins N/A
ACCTGAAGATGAGTAAGACTCTCAATGA

AATTAATCGATGAATTCGAGCTCG

sst2-FCTCTGGCAGAAACGCATTCGC Eurofins N/A
sst2-RGACTGCGGTGCTACAGGAGA Eurofins N/A
fus3-S1GTTCGTTTGAACTACAAGGAAA Eurofins N/A
TAAGGCAGAGAAAAAGAAAGGAAAATA

ATATGCGTACGCTGCAGGTCGAC

fus3-S2*GTGCCTCCTTGTAGTGATCAAA Eurofins N/A
CTCGAAGAAGCTGGGTGGGATGGGTTC

GCCATCGATGAATTCGAGCTCG

fus3-FGAGAGGGCAGTTTACTTTCACA Eurofins N/A
TAC

fus3-RCTTACCGTCCACAATACAGTGGTC Eurofins N/A
kss1-S1GTTATTTCAACAAAAAAGTATCTT Eurofins N/A
TTCTTCAC TCTTTCAACAATTCAAAGA

TGCGTACGCTGCAGGTCGAC

kss1-S2CTAAGCTGAATATAGGGAAATTT Eurofins N/A
TAGAAGTATGGCAGAAATGTTCTTGTGA

ATACTAATCGATGAATTCGAGCTCG

kss1-FCAGAAGCCAGACTTGAACAGTT Eurofins N/A
AC

kss1-RCTCTTTGATTACAGTCGCGTCAGC Eurofins N/A
ste2-S2GTAACCTTATACCGAAGGTCAC Eurofins N/A
GAAATTACTTTTTCAAAGCCGTAAATTT

TGAATCGATGAATTCGAGCTCG

ste2-S3CGGCAGCTGATGAGGAAGCCA Eurofins N/A
GAAAGTTCTGGACTGAAGATAATAATAA

TTTACGTACGCTGCAGGTCGAC

ste2-FCAGGCACGCTGTCTAGCTTTC Eurofins N/A
ste2-RCACGTGGGATGGTAAAGTT Eurofins N/A
ACCATC

ste5-S1CCGCGCTAAAAAAGGAAGATA Eurofins N/A
CAGGATACAGCGGAAACAAC TAAA

TGCGTACGCTGCAGGTCGAC

ste5-S2GTTTGGCGGGATGCTTTCTTTIT Eurofins N/A
ATTATTGCATAAAATTTAGTGTATACTCT

AATCGATGAATTCGAGCTCG

ste5-S3GAGTCTTATAGAGAGCGGTAATA Eurofins N/A
ACAACTGTCCCCTCCATATGGATTATATA

CGTACGCTGCAGGTCGAC

ste5-F Eurofins N/A
ACCCATCTAGCATCCGCG

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
ste5-RCTAAGAAGAACTGCGTCCACTTC Eurofins N/A
ste5-F2CAGACGCAGTTCATTCTCGAG Eurofins N/A
far1-S1CTATAGATCCACTGGAAAGCTT Eurofins N/A

CGTGGGCGTAAGAAGGCAATCTATTA

ATG-CGTACGCTGCAGGTCGAC

far1-S2AAAAAAGGAAAAGCAAAAGCCTC Eurofins N/A
GAAATACGGGCCTCGATTCCCGAACTAC

TA-ATCGATGAATTCGAGCTCG

far1-S3GACCTGGTAAAGCAGCAAAGAA Eurofins N/A
TTCATCAGACCCTGGAAGTTCCCAACC

TCCGTACGCTGCAGGTCGAC

far1-FGCTTCGTGGGCGTAAGAAGG Eurofins N/A
far1-RGCC TCG AAA TAC GGG CCT C Eurofins N/A
far1-F2CAA CGC CGC ATG ACT CCATTG Eurofins N/A
mNG-FW AAGCTTCGTACGCTGCAGGT Eurofins N/A
CGACGTGAGCAAGGGCGAGGAGG

mNG-RVGGATCCTTACTTGTACAGCTC Eurofins N/A
GTCCATGCC

Fus3g-FGAGCTAATGCAGACAGATTTA Eurofins N/A
Fus3g-RCACTTTCACTGCTCTCAAG Eurofins N/A
Ste2g-FCCTTCTTGTGGCTTCTATTG Eurofins N/A
Ste2q-RCGTCAGCATCAAACCTATC Eurofins N/A
ste2-S1TAATTGGTTACTTAAAAATGCACC Eurofins N/A
GTTAAGAACCATATCCAAGAATCAAAAAT

GCGTACGCTGCAGGTCGAC

ste4-S1GAAGAAAATACTCAAAAAACTGT Eurofins N/A
ACAGCTCAATCAGGTACACATTACGATG

CGTACGCTGCAGGTCGAC

ste4-S2ATAATAGCATCCATTGATAATTA Eurofins N/A
CTGCTCACAGTATTTCCAATTCGAAGCT

AATCGATGAATTCGAGCTCG

ste4-FGGGATGGGTGTAGGTATG Eurofins N/A
ste4-RGCCAGAACTCAAGGTCAATAGG Eurofins N/A
ste7-S1CATCGGATCATATCTGTTTTTGCA Eurofins N/A
GCGTGGTATATTGGTTGTTGGTCATG

CGTACGCTGCAGGTCGAC

ste7-S2GTGAAAAAAAGTGCAATATGTT Eurofins N/A
CCTAACTAATGTTATCGCATGCATTCA

ATCGATGAATTCGAGCTCG

ste7-F Eurofins N/A
GGCCCATCTGATGGATTAGAAG

ste7-R Eurofins N/A
CGCAAGCTTCTCTCAATCGTG

Recombinant DNA

pFAB-mNG plasmid This study N/A
pGEX-5X Merck Cat# 28-9545-53
pPGEX-5X-1::Kel1-NT This study N/A
pPGEX-5X-1::Kel1-NT-ala This study N/A
pGEX-5X-1::Kel1-mid This study N/A
pGEX-5X-1::Kel1-mid-ala This study N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

R N/A http://www.R-project.org/R Project for
Statistical Computing, RRID:SCR_001905

Ggplot N/A https://ggplot2.tidyverse.org/

Graph Pad Prism 6 N/A https://www.graphpad.com/GraphPad

Prism, RRID:SCR_002798

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jorrit M.
Enserink (Jorrit.enserink@rr-research.no).

Materials availability
Plasmids generated in this study will be shared by the lead contact upon request.

Data and code availability
Mass-spectrometry data are deposited to the ProteomeXchange Consortium via PRIDE repository with accession number
PXD020833.

All data reported in this paper will be shared by the lead contact upon request.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

S. cerevisiae strains were grown in at 30°C until mid-log phase in standard yeast extract peptone dextrose (YPD) medium or in syn-
thetic medium supplemented with relevant amino acids. Strains were derived directly from the S288c strains BY4741 (Brachmann
et al., 1998) and RDKY3032 (Flores-Rozas and Kolodner, 1998) using either standard gene-replacement methods or intercrossing.
See Table S1 for strains.

METHOD DETAILS

Strain construction

To construct kel71-ala and kel1-asp mutants, KEL1 was first replaced with the URA3 gene. Next, the URAS3 on the strain kel1::URA3
was replaced by kel7-ala and kel7-asp alleles, which were PCR-amplified from plasmids containing in vitro synthesized kel1 alleles
(GenScript) in which the [S/T-P] sites were replaced with either alanine or aspartate residues, respectively. In some cases where two
or three serine/threonine residues preceded a proline, all were substituted. Note that kel7-asp differs slightly from kel7-ala in terms of
mutated sites (additional substitution of T65 and S688). Alanine substitutions in Kel1-ala: T18, S34, T35, T47, S66, S67, S121, T178,
T293, T465, T467, T477, T480, S503, T549, T559, T604, S613, T626, S689, S748. Aspartate substitutions in Kel1-asp: T18, S34, T35,
T47, 165, S66, S67, S121, T178, T293, T465, T467, T477, T480, S503, T549, T559, T604, S613, T626, S688, S689, S748.

Plasmid construction

The pFA6-mNG plasmid was generated by replacing the eGFP coding sequence from pYM-28 (Janke et al., 2004) by codon-opti-
mized monomeric NeonGreen (MNG) DNA sequence (Shaner et al., 2013) synthesized by GenScript. mNG sequence was amplified
using primers NG-FW and NG-RV (for primer sequences see Key resources table), which also include Hindlll and BamHI sites for the
tag replacement. pGEX-5X-1 plasmids containing Kel1-NT, Kel1-NT-ala, Kel1-mid and Kel1-mid-ala were synthesized by GenScript.
Plasmids pGEX-2T-GST-Fus3 and pGEX-2T-GST-Fus3-KD for purification of Fus3 and kinase-dead Fus3-KD have been previously
described (Parnell et al., 2005).

Pheromone treatment
Cells were treated with 15 mg/L of alpha factor (custom synthesized by GenScript) for 2 h unless otherwise indicated.

Mating efficiency assay

To evaluate mating efficiency, 1 mL of mid-log-phase MATa and MATalpha cells carrying complementary markers were mixed and
incubated at 30°C in absence of agitation for 4 h 100 pL of five consecutive serial dilutions (1:10) of the crosses were plated on YPD
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plates and diploid selective media (YPD supplemented with G418 200 pg/mL (Sigma-Aldrich) and nourseothricin 100 ug/mL
(WERNER BioAgents GmbH)). After 2 days of incubation at 30°C the colonies of the plates were counted using the Colony Counter
mobile application (Promega). See Table S1 for strains.

FITC staining
Cells were harvested, washed with PBS and stained for 10 min in the dark with 1mg/mL FITC (Sigma-Aldrich) in carbonate buffer
(0.1M, pH 9.5). Cells were washed 3 times with PBS and visualized by fluorescence microscopy as described below.

Flow cytometry

GFP and mCherry-expressing cells were harvested and fixed with 4% paraformaldehyde for 15 min at room temperature. Parafor-
maldehyde was quenched with glycine 0.5M for 15 min at room temperature. Cells were washed 2 times with PBS, resuspended in
PBS and sonicated for 10 s at 30% amplitude (Hielscher Ultrasonics UP 400S). Flow cytometry was performed using an LSR Il Flow
Cytometer (BD Biosciences). Data analysis and plotting was performed in R.

Mass spectrometry

Cells untreated or treated with of alpha-factor (15 mg/L) for 2 h were collected, washed with cold PBS and lysed in lysis buffer
(100 mM Tris-HCI pH8, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 10% Glycerol, 2 mM DTT, protease and phosphatase inhibitor
cocktails). After centrifugation, supernatants were immunoprecipitated by mixing 800 ng of cell extract with 20 uL of anti-Myc-Tag
magnetic bead (Cell Signaling). After 2 h incubation at 4°C, beads were washed once with wash buffer A (100mM Tris-HCI pH8,
150mM NaCl, 1mM EDTA, 5% Glycerol, 2mM DTT, protease and phosphatase inhibitor cocktails), twice with wash buffer B
(100mM Tris-HCI pH8, 150mM NaCl, 1mM EDTA, 2mM DTT, protease and phosphatase inhibitor cocktails) and twice with PBS.
The proteins were digested directly on-beads with trypsin, and the resulting peptides were purified with C18-microcolumns. For
mass spectrometry analysis 3uL of each sample was injected in triplicates to nLC-MS/MS (nEASY LC-QExactive Plus) using a
50cm C18 nLC column and 60 min separation gradient.

Cell lysis, immunoprecipitation, A phosphatase treatment and western blotting
Immunoprecipitation and western blotting were performed as previously described (Chymkowitch et al., 2012, 2017; Herrera et al.,
2018). For coimmunoprecipitations, cells were washed with ice-cold PBS, resuspended in lysis buffer (100 mM Tris-HCI pH8,
150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 10% Glycerol, 2 mM DTT, protease and phosphatase inhibitor cocktails) and lysed by vor-
texing with glass beads followed by centrifugation (14,000 rpm at 4°C for 10 min) to remove cell debris. Equal amounts of proteins were
used for immunoprecipitation using magnetic beads conjugated covalently to relevant antibodies. After extensive washing with lysis
buffer, coimmunoprecipitated proteins were resolved by SDS-PAGE and analyzed by western blotting with the indicated antibodies.
For A\ phosphatase treatments, cells were harvested and lysed as described above, magnetic beads were washed 2 times with lysis
buffer without phosphatase inhibitors. Samples were treated with 800 units of A-phosphatase (New England Biolabs) for 30 min after
which the enzyme was heat-inactivated (5 min at 95°C) and the proteins resolved by Phos-tag SDS-PAGE (see below) and analyzed
by western blotting.

Phos-tag gel electrophoresis

Proteins from synchronized cells samples were resuspended in ice-cold RIPA Buffer (50 mM Tris HCI, 150 mM NaCl, 1.0% (v/v) NP-
40, 0.5% (w/v) Sodium Deoxycholate, 1.0 mM EDTA, 0.1% (w/v) SDS and 0.01% (w/v) sodium azide at a pH of 7.4), lysed in a bead
mill and centrifuged (14,000 rpm at 4°C for 10 min) before immunoprecipitation using magnetic beads conjugated covalently to rele-
vant antibodies as previously described (Herrera et al., 2018). Equal amounts of sample were loaded onto 5% acrylamide (BioRad)
containing 6 to 15 uM Phos-tag (Wako chemicals) gels, followed by electrophoresis for 12 h at 50 V. Gels were washed three times for
10 min with transfer buffer containing 5 mM EDTA and three times for 10 min with transfer buffer without containing EDTA. The gel
was transferred to a membrane and protein phosphorylation was analyzed by western blotting as described above. Protein densi-
tometric quantifications were performed using FIJI software (Schindelin et al., 2012) and analyzed using R.

Purification of recombinant proteins

GST alone, GST-Kel1-NT, GST-Kel1-NT-Ala, GST-Kel1-Mid, GST-Kel1-Mid-Ala GST-Fus3 and GST-Fus3-KD (Parnell et al., 2005)
were expressed 2.5 h at 37°C in E. coli BL21 bacteria induced with 400 uM isopropyl-B-D-thio-galactoside (IPTG). Cells were har-
vested and washed with PBS before sonication in ice-cold lysis buffer (PBS, 1% [vol/vol] Triton X-100, 2 mM DTT, and protease in-
hibitor mixture). The lysate was centrifuged, and the supernatant was incubated for 1h at 4°C with glutathione Sepharose 4B beads
(Amersham). After three washes with PBS, GST fusion proteins were collected in elution buffer (50 mM Tris pH 8.0, 10 mM reduced
glutathione, 2 mM DTT and protease inhibitor mixture and stored at —80°C.

In vitro kinase assays

Kinase assays were performed as previously described (Chymkowitch et al., 2012). Briefly, two micrograms of purified recombinant sub-
strate protein was incubated with (y-32P) ATP (0.14 mM) in the presence of 300 ng of purified recombinant GST-Fus3 or GST-Fus3-KD
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(Parnell et al., 2005) in kinase buffer (20 mM Hepes-Na* [pH 7.9], 20 mM Tris-HCI [pH 7.9], 5 mM MgCI2, 30 mM KClI, and 4% [vol/vol]
glycerol). After 40 min at 30°C, reactions were stopped with Laemmli sample buffer. Samples were boiled and resolved by SDS-PAGE
and stained with Coomassie Brilliant Blue. Radiolabelled GST fusions were analyzed using a phosphorimager (Amersham Typhoon Bio-
molecular Imager from GE Healthcare Life Sciences).

Microscopy
DIC images were acquired on a Leica DM600B microscope using a 63X/1.40NA immersion objective. The microscope was con-
nected to a Hamamatsu C9100-14 camera controlled by Leica Application Suite software.

FITC staining Far1-mNG and brightfield images were acquired using a Zeiss AXIO Scope.A1 microscope containing a 63X/1.40NA
immersion objective and a Leica DFC camera. The microscope was controlled by Micro-Manager software (Edelstein et al., 2010).
Ste5-mNG images were obtained using a Zeiss AXIO Observer.Z1 microscope containing a 63X/1.40NA immersion objective. The
microscope was equipped with a Hamamatsu ORCA-Flash4.0 camera and temperature control and it was controlled by Micro-Man-
ager software.

Brightfield and Airyscan confocal images were obtained using a Zeiss LSM880 Airyscan microscope (Carl Zeiss Microlmaging
GmbH, Jena, Germany) using a 63X oil DICII objective, and the Airyscan detector in super resolution mode. Images were decon-
volved using ZEISS ZEN Software.

Synthetic genetic array

The SGA query strain Y8205 (can1::STE2pr-Sp_his5 lyp1::STE3pr-LEU2 his341 leu2 40 ura3 40; kind gift from C. Boone, University of
Toronto, Canada) either harboring the kel7 4 or the kel1-ala mutation was crossed with a collection of deletions of non-essential genes
(YKO collection) and with a collection of mutants with reduced mRNA levels of essential yeast genes (DAMP collection) according to
(Tong et al., 2001). Briefly, mutations of interest were linked to the natNT2 selection marker, while mutations in the collections were
selectable using the kanMX antibiotic resistance cassette. After mating and sporulation, the spores were transferred to medium that
enables growth of MATa meiotic progeny. In the final step, double mutants were obtained after selection on medium containing kana-
mycin and nourseothricin. Each cross was done in quadruplicate on 1536-format plates. All double mutants were grown at 30°C and
37°C and imaged after 2 days. Image analysis and scoring were done with SGAtools (Wagih et al., 2013).

The phenotype enrichment score (Figure 3B) was computed in R using the bc3net library (de Matos Simoes et al., 2012) and it was
calculated over genes annotated with phenotypes in invasive growth, response to pheromone, pheromone sensitivity, mating pro-
jection morphology, cell shape, endomembrane system morphology, cell wall morphology and cytoskeleton morphology. All anno-
tations were downloaded from the Yeast Phenotype Ontology database (https://www.yeastgenome.org/ontology/phenotype/ypo).

RT-gPCR

RT-gPCR experiments were performed as previously described (Chymkowitch et al., 2012). For primer sequences see Key resources
table. Briefly, for the RNA extraction the RNeasy Mini Kit (QIAGEN) was used the mechanical disruption of cell pellets as indicated in
the manufacturer’s protocol. For cDNA synthesis the QuantiTect Reverse Transcription Kit (QIAGEN) was used. RT-gPCR was per-
formed using the StepOnePlus™ Real-Time PCR System (Applied Biosystems™ by Thermo Fisher Scientific, Cat. No. 4376600) and
Power SYBR™ Green PCR Master Mix (Applied Biosystems™ by Thermo Fisher Scientific).

QUANTIFICATION AND STATISTICAL ANALYSIS

Hypothesis testing
Two-proportion z-test was used to calculate the statistical significance of assays in which proportions of cells from different obser-
vations and independent experiments were measured (such as viability assays, shmoo morphology and mating efficiency).

To estimate the dispersion of the population, a fraction of 100 observations were sampled 1000 times from the total and the stan-
dard deviations were calculated on the bootstrapped sample.

Two-proportion z-tests and standard deviations were calculated in R from at least 3 independent experiments containing at least
100 observations.

t-test was used to calculate the statistical significance of assays that generate one single value per observation (such as ellipticity
measurements, mRNA levels and fluorescence quantification). t-tests were calculated in R from at least 3 independent experiments.

ANOVA and Tukey'’s tests were used to calculate the statistical significance of the time-course assays. ANOVA and Tukey’s tests
were calculated in R from 4 independent experiments in which at least 31,000 cells were analyzed for each strain.

Significance was classified in four different categories according to the p value (unless stated otherwise in the figure legend):

- Highly significant: p value < 0.001 (***)

- Very significant: 0.01 > p value > 0.001 (**)
Significant: 0.05 > p value > 0.01 (¥)

- Non-significant: p value > 0.05 (ns)
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Figure S1. Analysis of Kell phosphorylation and interactors. 4, Kell suppresses elongated bud growth. WT cells and ke//A mutants were
grown to log phase, imaged by light microscopy and bud ellipticity was calculated as indicated in the figure. Related to Figure 1. B, Loss of
KELI results in morphological aberrancies. Quantification of morphology of cells imaged in S1A. Related to Figure 1. C, Densitometric
quantification of Kell phosphorylation of the WB shown in Figure 2B. Pixel intensity across the lanes in the WB (WB copied from Fig. 2B)
was quantified as indicated with the arrows, followed by normalization of the data between 0 and 1, where 1 is the most intense pixel on the
lane. Plots were aligned to maximum intensity peak of the lower band, the Mw of which does not change in response to treatment. D, Statistical
cut-off of mutants analyzed in Figure 3A. E, Overview of physical interactions with Kell (see Figure 4A for description of the experiment).

F, Noise in the pheromone signaling pathway is generated downstream of Ste2. The ratio of GFP/mCherry in the indicated mutants was determined
by fluorescence microscopy. Related to Figure 6. G, Densitometric quantification of Kell phosphorylation of the WB shown in Figure 4C.

Pixel intensity across the lanes in the WB (copied from Fig. 4C) was quantified as in S1C. H, Expression and localization of Kell are not
affected by phosphorylation. Cells were grown to log phase before treatment with pheromone (15mg/1) for 2 hrs, after cells were imaged by
fluorescence microscopy. Bar, Sum. Related to Figure 2 and 3. 1, Kell localizes to sites of polarized growth in fus3A mutants. Cells were treated
and imaged as in (H). Bar, Sum. Related to Figure 2 and 3.
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Supplemental Figure S2. Model for regulation of the mating response by Kell phosphorylation (related to
Figures 1-7 in the paper). 4, In absence of pheromone, hypophosphorylated Kell prevents spontaneous
activation of the pheromone response by inhibiting recruitment of Ste5 and Farl to the membrane, whereas
Sst2 prevents spontaneous activation of the pathway by inhibiting Gpal. B, Pheromone treatment results in
dissociation of the beta-gamma subunit of the G protein, which induces membrane recruitment of Ste5 and
Farl. This results in activation of Fus3, which phosphorylates and thereby inactivate Kell, allowing for
recruitment of additional Ste5 to induce robust activation of the pathway. Other kinases are also important,
which remain to be identified. C, In kellA cells, Ste5 and Far localize spontaneously to the membrane even in
absence of pheromone, resulting in increased transcription of pheromone response genes, shmoo formation
and noise in the pathway. D, Pheromone treatment of cells lacking Kell results in hyperactivation of the mating
pathway, high levels of noise, and cell death. E, Expression of non-phosphorylatable Kell inhibits membrane
recruitment of Ste5 and Farl, thereby suppressing the pheromone pathway and strongly reducing noise.



Supplemental Table S1. Strain Table. Related to STAR Methods.

Number Relevant genotype Source
RDK3023 | MATa ura3-52, leu2A1, trp1A63, his3A200, lys2ABgl, hom3-10, ade2A1, ade8 (Flores-
Rozas
and
Kolodne
r, 1998)
JEY7460 | MATa kel1::URAS3, ura3-52, leu2A1, trp1A63, his3A200, lys2ABgl, hom3-10, ade2A1, ade8 This
work
JEY7462 | MATalpha kel1::URAS3, ura3-52, leu2A1, trp1A63, his3A200, lys2ABgl, hom3-10, ade2A1, ade8 This
work
BY4741 MATa his3A,1 leu2A0, met15A0, ura3A0 (Brachm
ann et
al.,
1998)
JEY4183 | MATa kel1::KanMX, his3A,1 leu2A0, met15A0, ura3A0 This
work
JEY11361 | MATa kel1::natNT2, ura3-52, leu2A1, trp1A63, his3A200, lys2ABgl, hom3-10, ade2A1, ade8 This
work
JEY7758 | MATa kelt-ala, ura3-52, leu2A1, trp1A63, his3A200, lys2ABgl, hom3-10, ade2A1, ade8 This
work
JEY7759 | MATa kel1-asp, ura3-52, leu2A1, trp1A63, his3A200, lys2ABgl, hom3-10, ade2A1, ade8 This
work
JEY10724 | MATa KEL1-9myc:natNT2, ura3-52, leu2A1, trp1A63, his3A200, lys2ABgl, hom3-10, ade2A1, ade8 This
work
JEY8315 | MATa KEL1-HisFlag:KanMX6, ura3-52, leu2A1, trp1A63, his3A200, lys2ABgl, hom3-10, ade2A1, This
ade8 work
JEY7830 | MATa kel1-ala-HisFlag:KanMX6, ura3-52, leu2A1, trp1A63, his3A200, lys2ABgl, hom3-10, ade2A1, This
ade8 work
JEY8009 | MATa kel1-asp-HisFlag:KanMX6, ura3-52, leu2A1, trp1A63, his3A200, lys2ABgl, hom3-10, This
ade2A1, ade8 work
JEY11370 | MATalpha kel1::Nat, can1A::STE2pr-Sp_his5, lyp1A, his3A1, leu2A0, ura3A0, met15A0 This
work
JEY12865 | MATalpha kel1-ala-9myc::natNT2, can1A::STE2pr-Sp_his5, lyp1A, his3A1, leu2A0, ura3A0, This
met15A0 work
JEY12866 | MATa sst2::natNT2, ura3-52, leu2A1, trp1A63, his3A200, lys2ABgl, hom3-10, ade2A1, ade8 This
work
JEY12867 | MATa kel1::URAS3, sst2::natNT2, ura3-52, leu2A1, trp1A63, his3A200, lys2ABgl, hom3-10, ade2A1, This
ade8 work
JEY12868 | MATa kel1-ala, sst2::natNT2, ura3-52, leu2A1, trp1A63, his3A200, lys2ABgl, hom3-10, ade2A1, This
ade8 work
JEY12869 | MATa KEL1-9myc:natNT2, Ste2-GFP:KanMX4, ura3-52, leu2A1, trp1A63, his3A200, lys2ABgl, This
hom3-10, ade2A1, ade8 work
JEY12870 | MATalpha kel1-asp-9myc:natNT2, ura3-52, leu2A1, trp1A63, his3A200, lys2ABgl, hom3-10, This
ade2A1, ade8 work
JEY12871 | MATalpha kel1-ala-9myc:natNT2, ura3-52, leu2A1, trp1A63, his3A200, lys2ABgl, hom3-10, This
ade2A1, ade8 work
JEY12872 | MATa KEL 1-HisFlag:KanMX®6, fus3::natNT2 ura3-52, leu2A1, trp1A63, his3A200, lys2ABgl, hom3- This
10, ade2A1, ade8 work
JEY12873 | MATa KEL1-HisFlag:KanMX®6, kss1::natNT2 ura3-52, leu2A1, trp1A63, his3A200, lys2ABgl, hom3- This
10, ade2A1, ade8 work
JEY12874 | MATa KEL1-HisFlag:KanMX®6, fus3::natNT2 kss1::hphNT1 ura3-52, leu2A1, trp1A63, his3A200, This
lys2ABgl, hom3-10, ade2A1, ade8, arg4::HIS3 work




JEY12875 | MATa STE5-mNG:HIS3MX6, ura3-52, leu2A1, trp1A63, his3A200, lys2ABgl, hom3-10, ade2A1, This
ade8 work

JEY12876 | MATa STE5-mNG:HIS3MX®6, kel1::URAS3, ura3-52, leu2A1, trp1A63, his3A200, lys2ABgl, hom3-10, | This
ade2A1, ade8 work

JEY12877 | MATa STE5-mNG:HIS3MX6, kel1-ala, ura3-52, leu2A1, trp1A63, his3A200, lys2ABgl, hom3-10, This
ade2A1, ade8 work

JEY12878 | MATa STE5-mNG:HIS3MXG6, kel1-asp, ura3-52, leu2A1, trp1A63, his3A200, lys2ABgl, hom3-10, This
ade2A1, ade8 work

JEY12879 | MATa FAR1-mNG:HIS3MX®6, ura3-52, leu2A1, trp1A63, his3A200, lys2ABgl, hom3-10, ade2A1, This
ade8 work

JEY12880 | MATa FAR1-mNG:HIS3MX®6, kel1::URA3, ura3-52, leu2A1, tro1A63, his3A200, lys2ABgl, hom3-10, | This
ade2A1, ade8 work

JEY12881 | MATa FAR1-mNG:HIS3MX®6, kel1-ala, ura3-52, leu2A1, trp1A63, his3A200, lys2ABgl, hom3-10, This
ade2A1, ade8 work

JEY12882 | MATa FAR1-mNG:HIS3MX®6, kel1-asp, ura3-52, leu2A1, trp1A63, his3A200, lys2ABgl, hom3-10, This
ade2A1, ade8 work

JEY12883 | MATa steb::natNT2, ura3-52, leu2A1, trp1A63, his3A200, lys2ABgl, hom3-10, ade2A1, ade8 This
work

JEY12884 | MATa steb::natNT2, kel1::URAS3, ura3-52, leu2A1, trp1A63, his3A200, lys2ABgl, hom3-10, ade2A1, This
ade8 work

JEY 12885 | MATa steb::natNT2, kel1-ala, ura3-52, leu2A1, trp1A63, his3A200, lys2ABgl, hom3-10, ade2A1, This
ade8 work

JEY12886 | MATa steb::natNT2, kel1-asp, ura3-52, leu2A1, trp1A63, his3A200, lys2ABgl, hom3-10, ade2A1, This
ade8 work

JEY12887 | MATa [FUS1pGFP:HIS3], [ADH1pmCherry:URAS3], his3A1, leu2A0, met15A0, ura3A0 This
work

JEY12888 | MATa kel1::natNT2, [FUS1pGFP:HIS3], [ADH1pmCherry:URA3], his3A1, leu2A0, met15A0, This
ura3A0 work

JEY11592 | MATa kel1-ala-9myc:natNT2, [FUS1pGFP:HIS3], [ADH1pmCherry:URA3], his3A1, leu2A0, This
met15A0, ura3A0 work

JEY12889 | MATa kel1asp-9myc:natNT2, [FUS1pGFP:HIS3], [ADH1pmCherry:URA3], his3A1, leu2A0, This
met15A0, ura3A0 work

JEY12890 | MATa sst2::KanMX4, [FUS1pGFP:HIS3], [ADH1pmCherry:URA3], his3A1, leu2A0, met15A0, This
ura3A0 work

JEY12891 | MATa kel1::natNT2, sst2::KanMX4, [FUS1pGFP:HIS3], [ADH1pmCherry:URA3], his3A1, leu2A0, This

met15A0, ura3A0

work
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