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Understanding Signaling Specificity in Saccharomyces 

cerevisiae 

Teresa R. Shock 

 

Abstract 

 All cells must respond correctly to changes in their environment.  

Paradoxically, many signaling pathways share components, raising the question of 

how signaling specificity is maintained.  In the budding yeast, Saccharomyces 

cerevisiae, three pathways share components.  These are the mating, filamentous 

growth (FG), and high osmolarity glycerol (HOG) pathways.  In this work we both 

identify a mechanism for cross pathway inhibition between the HOG and FG 

pathways and further elucidate the molecular events involved in the cross pathway 

inhibition between the mating and FG pathways. 

 Specifically, we found that both Ste7 and Kss1, the MAPKK and MAPK of the 

FG pathway respectively, are phosphorylated during activation of the HOG pathway.  

However, this phosphorylation does not lead to the expression of FG pathway 

transcriptional targets because Hog1 prevents the FG transcription factor Tec1 from 

binding to its target promoters.  We determined that Hog1 does not prevent Tec1 

from activating transcription by mediating its degradation, as is the case for the 

mating pathway.  Overall, our results demonstrate a novel mechanism whereby HOG 

signaling interrupts FG pathway signal transduction between the phosphorylation of 

Kss1 and DNA binding by Tec1. 
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Next, we further investigated the mechanism for maintaining signaling 

specificity between the mating and FG pathways.  Activation of the mating pathway 

leads not only to transcription of mating pathway genes, but also to degradation of 

the FG pathway transcription factor, Tec1.  This cross pathway inhibition prevents 

FG pathway genes from being erroneously transcribed during activation of the 

mating pathway.  Specifically, Fus3, the MAPK of the mating pathway, 

phosphorylates Tec1, resulting in its recognition by the SCF ubiquitin ligase complex 

and its subsequent proteolysis.  Previous work found that Tec1 is phosphorylated in 

a sequence, LLpTP, identical to a defined binding site for Cdc4, an F-box protein in 

the SCF complex.  However, continuing work on Cdc4 substrate interactions has 

shown that Cdc4 binds optimally to dually phosphorylated substrates.  Here we find, 

through detailed mutagenesis and binding studies of the Tec1 phosphodegron, that 

Tec1 recognition also requires two adjacent phosphorylations (pTPpTA) suggesting 

that this represents a conserved mechanism of substrate recognition. 
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Chapter 1:  Introduction 

  

In order to grow and survive, cells must respond appropriately to a diverse set 

of extracellular signals including changes in environmental conditions and signals 

from other cells.  For example, the model yeast, Saccharomyces cerevisiae, is a 

non-motile single-celled organism that is found on fruit.  In the wild it must protect 

itself from harsh environmental conditions, such as high osmolarity and nutrient 

deprivation.  Similarly, cells in complex multicellular organisms must also respond 

appropriately to a diverse set of extracellular signals, which, in addition to changes in 

osmolarity or nutrient conditions, can include hormones and immune factors.  

Numerous signaling pathways composed of varied receptors, intracellular signaling 

components, and effector proteins have been elucidated, and many of these 

systems were discovered and studied in S. cerevisiae due to its genetic tractability 

and the ease of experimental manipulation.  Importantly, many of these signaling 

systems are conserved between yeast and more complex multicellular organisms, 

such as humans, making research in yeast relevant to diverse processes such as 

development and disease. 

 

MAPK cascade 

 One common and conserved signaling system is mitogen-activated protein 

kinase (MAPK) pathways.  MAPK pathways are composed of three tiers of kinases 

which, once activated, phosphorylate and activate the next kinase in the cascade.  

These kinases are generically termed the MAP kinase kinase kinase (MAPKKK), the 
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MAP kinase kinase (MAPKK) and the MAP kinase (MAPK).  Saccharomyces 

cerevisiae contains five MAP kinase pathways: the high osmolarity glycerol (HOG) 

pathway, the filamentous growth (FG) pathway, the mating pathway, the cell wall 

integrity pathway, and the spore wall assembly pathway.  The first three pathways in 

this list share multiple components, making them ideal for studying the mechanisms 

required for maintaining signaling specificity discussed below. 

 

Signaling Specificity 

 Surprisingly, many signaling pathways in both S. cerevisiae and higher 

eukaryotes share protein components, raising the problem of how cells respond 

specifically to a specific stimulus.  Multiple mechanisms may play roles in 

maintaining signaling specificity including scaffolding, signaling kinetics, and cross-

pathway inhibition. 

Scaffolds  

Scaffolds are proteins that bind multiple members of a signaling pathway, 

thereby keeping the signaling proteins in close proximity to one another.  This 

arrangement increases the local concentration of components and makes signaling 

more efficient.  Maintaining association of the active signaling components could 

also prevent shared components from interacting with binding partners in other 

pathways.  In fact, artificially tethering components of different pathways can alter 

the output (31, 57); however, in a wild-type cell components arenʼt covalently 

tethered to scaffold proteins and are likely to dissociate at some rate.  Additionally, 

as described below, deletions of several genes cause signaling specificity defects, 
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even when all of the scaffolds are intact.  This suggests that other mechanisms exist 

to prevent cross-talk. 

Signaling kinetics 

 There is evidence suggesting that the duration of pathway activation can play 

a role in determining which downstream targets are activated.  This mechanism is 

seen in the response of rat adrenal pheochromocytoma (PC-12) cells to either nerve 

growth factor (NGF) or epidermal growth factor (EGF) (44).  Both ligands act through 

the same MAPK cascade; however, NGF stimulation results in sustained activation 

of the MAPK, Erk, which causes differentiation, while EGF stimulation results in 

transient stimulation of Erk, which causes proliferation.  As discussed below, kinetic 

explanations have been proposed for maintaining specificity between both the 

mating and FG pathways and the HOG and FG pathways.   

Cross-pathway inhibition 

 Pathway specificity could be maintained if activation of the primary pathway 

resulted in inhibition of pathways with shared components.  For example, the MAPK 

of the correct pathway could activate a phosphatase that acts specifically on unique 

components of the competing pathway.  Work described here and the work of others 

has elucidated several cases of cross-pathway inhibition between the MAPK 

pathways of S. cerevisiae. 

 

Shared upstream components 

 The filamentous growth pathway, the mating pathway and the Sho1 branch of 

the HOG pathway share a common MAPKKK, Ste11, which is activated by another 
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kinase called Ste20.  Ste20 is a part of a family of p21 activated kinases and is 

activated when active GTP-bound Cdc42 binds and disrupts an auto-inhibitory 

sequence (33).  Cdc42 is membrane-localized due to a geranylgeranyl modification; 

however, specific components in each MAPK pathway help localize Cdc42-Ste20 to 

sites where the MAPKKK Ste11 has also been recruited to the membrane.  One 

factor that helps recruit Ste11 to the plasma membrane in all three pathways is the 

scaffold protein, Ste50.  Ste50 contains both a sterile-alpha-motif (SAM) domain that 

associates with a SAM domain on Ste11, and a Ras-association (RA) domain that 

associates with Cdc42, thereby localizing Ste11 to the membrane (80, 83, 90).     

   

HOG pathway 

Within seconds of a shift to high osmolarity, water leaves the cell resulting in 

its shrinkage.  The HOG pathway acts to alleviate osmotic stress and regain 

homeostasis by regulating ion channels, glycerol export, cell cycle progression and 

the protein biosynthetic machinery while inducing the transcription of genes whose 

products are involved in the synthesis of glycerol (15, 32, 51).  Many of the molecular 

mechanisms involved in these processes have been revealed. 

The HOG pathway contains two upstream branches – the Sln1 branch and 

the Sho1 branch, each originally named for the putative osmosensors, although 

further evidence suggests that, while Sho1 is required for HOG pathway activation, it 

is not an osmosensor (66, 79).  Each of the branches converges on the MAPKK, 

Pbs2.  Although the two branches are redundant for survival in osmotic media, there 

are several subtle differences in the response of each branch that are apparent 
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using more careful measurements such as transcriptional profiling (50).   

The Sln1 branch of the HOG pathway utilizes a two-component histidine 

kinase phosphorelay system similar to two-component systems in bacteria.  This 

branch is not conserved in humans, but in many fungi, including pathogenic fungi, it 

appears that this branch plays a dominant role in sensing many extracellular 

stresses including osmostress (2).  As mentioned above, the Sho1 branch of the 

HOG pathway shares multiple components with the mating and FG pathways.  This 

branch is conserved between yeast and humans where it plays a role in cell growth 

and differentiation, apoptosis and inflammation.   

Sln1 branch 

The receptor in this branch of the HOG pathway is Sln1, a transmembrane 

protein that contains two important cytoplasmic domains – a histidine kinase domain 

and a response regulator domain.  After phosphorylation by the histidine kinase 

domain, the response regulator domain transfers a phosphate to a 

phosphotransferase, Ypd1, which in turn transfers a phosphate to a response 

regulator protein, Ssk1 (62).    During normal osmotic conditions Sln1 is constitutively 

active, resulting in the constitutive phosphorylation of Ssk1.  However, during high 

osmotic conditions Sln1 is inactive and Ssk1 becomes dephosphorylated and 

interacts with the redundant MAPKKKs Ssk2/22.  This interaction allows 

autophosphorylation and activation of Ssk2, which can then go on to phosphorylate 

and activate the MAPKK, Pbs2 (60).   

Sho1 branch 

Although recent work has elucidated some of the proteins in the Sho1 branch 
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of the pathway that act to sense changes in the external osmolarity and transduce a 

signal to the interior of the cell, many of the mechanistic details remain unclear.  The 

putative osmosensors are Msb2 and Hkr1, two recently identified semi-redundant 

mucin-like proteins (79).  These proteins both contain highly glycosylated 

extracellular domains, which are important for proper activation of the HOG pathway.  

Msb2 and Hkr1 both bind to another transmembrane protein, Sho1, which acts as a 

scaffold by binding to additional proteins in the HOG pathway (19, 79).  Finally, a 

fourth transmembrane protein called Opy2 acts to recruit downstream components to 

the membrane (90).  Both Sho1 and Msb2 are required for proper activation of the 

FG pathway, meaning that these components are shared between the HOG and FG 

pathway, while Hkr1 and Opy2 appear to be specific to the HOG pathway (19, 49). 

A remarkably complex network of protein-protein interactions connects the 

transmembrane proteins to the downstream kinases.  An interaction between the 

SH3 domain of Sho1 and a polyproline motif in Pbs2 is essential for HOG signaling 

(42, 43, 61), and there is also evidence that Sho1 binds directly to the MAPKKK, 

Ste11.  Additionally, Sho1 binds to another scaffold protein Ste50, which as stated 

previously, also binds to Ste11 (80, 92).  Ste50 is also recruited to the plasma 

membrane both through an interaction with the HOG pathway specific protein, Opy2 

and, as stated above for all three MAPK pathways, through an interaction with 

Cdc42 (83, 90).  Finally, Cdc42 also interacts with Msb2 (19).  The net functional 

result of these protein-protein interactions is thought to be the signal-induced 

recruitment of Ste11 to the plasma membrane where Cdc42-bound Ste20 can then 

phosphorylate and activate Ste11, ultimately leading to the activation of the MAPK, 
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Hog1. 

Downstream signaling 

Hog1 phosphorylates and activates a variety of effector proteins including ion 

channels such as Nha1 and Tok1, cell cycle components such as Sic1 and Hsl1, and 

a kinase, Rck2, which plays a role in reducing protein synthesis during osmotic 

shock (11, 32).  Additionally, Hog1 regulates the transcription of osmo-inducible 

genes through its interaction with transcription factors.  

During osmostress, active Hog1 is imported into the nucleus (25, 50, 59, 68, 

69), where it directly interacts with several different factors at promoters to induce 

transcription.  At the promoters of a subset of osmoresponsive genes, Hog1 

phosphorylates Sko1, which is part of a repressor complex that also includes Tup1 

and Ssn6 (63).  This phosphorylation converts the repressor complex into an 

activating complex that is important for the recruitment of both the SAGA histone 

acetylase and the SWI/SNF nucleosome remodeling complexes, ultimately allowing 

transcription to occur (64).  At other osmo-inducible promoters, the transcriptional 

activator Hot1 recruits active Hog1, which in turn recruits RNA polymerase II (1, 70).  

Hog1 is also recruited to osmoresponsive promoters by the redundant stress 

responsive transcription factors Msn2/4 (69); however the mechanism of 

transcriptional activation for these promoters is less clear.  

Although the HOG pathway regulates the transcription of a large set of genes, 

recent work suggests that the transcriptional response is not required for survival of 

osmotic shock.  It has been appreciated that the set of genes regulated during 

osmotic shock do not produce a strong osmosensitive phenotype when deleted, 
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suggesting that they arenʼt required for surviving acute osmostress (85).  

Additionally, a membrane-tethered version of HOG1 that cannot enter the nucleus to 

regulate transcription can still survive on high osmolarity media (87).  This suggests 

that the transcriptional response is more important for adaptation than immediate 

survival. 

 

Filamentous growth pathway 

  Filamentous growth in haploid cells, also termed haploid invasive growth, is 

triggered when glucose becomes limiting.  This nutrient deprivation causes a variety 

of dramatic morphological changes to take place (11, 27, 39).  Yeast cells change 

from an ovoid shape, with daughter cells budding off at the same pole as the cellsʼ 

own birth end (axial budding), to an elongated shape with daughter cells budding off 

from the opposite pole of the cellsʼ birth end (unipolar budding).  Increased cell-cell 

adhesion causes the yeast to form connected filaments and the cells grow away 

from existing cells.  Additionally, colonies of filamentous yeast show increased 

substratum invasion.  Together, these morphological changes may allow the yeast, 

which is non-motile, to explore the environment for more favorable nutritional 

conditions.  Filamentous growth has also been shown to be important for virulence in 

a variety of pathogenic yeast including the human pathogen Candida albicans, and 

the plant pathogens Ustilago maydis, and Magnaporthe grisea (39). 

 There are two main pathways that affect filamentous growth in S. cerevisiae.  

The PKA pathway, which contains the cyclic AMP-activated protein kinase (PKA) 

Tpk2, and the MAPK pathway, which shares multiple components with the mating 
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and HOG pathways and contains the MAPK, Kss1.  Remarkably, these two 

pathways converge on and regulate the transcription of Flo11, a cell surface protein 

important for cell-cell and cell-surface adhesion (56, 72).  

PKA pathway 

  The PKA pathway plays a role in both diploid filamentous growth, termed 

pseudohyphal growth, and in haploid invasive growth.  During conditions that trigger 

pseudohyphal growth in diploids, specifically low nitrogen and sufficient glucose, the 

receptor for the PKA FG pathway, a G protein coupled receptor (GPCR) called Gpr1, 

is activated (36, 91).  Gpr1 interacts with Gpa2, the G alpha subunit of the G protein 

associated with Gpr1.  The signal results in an increase in the activity of the PKA, 

Tpk2; however, the molecular mechanism by which Gpa2 acts remains controversial 

(11).  Additionally, Tpk2 is activated when a GTPase called Ras2 increases the 

activity of the adenylate cyclase Cyr1, which leads to an increase in cAMP levels.  

The cAMP then binds to Bcy1, a regulatory subunit bound to Tpk2, allowing the 

release of active Tpk2 (26).  Tpk2 then promotes transcription of filamentation 

responsive genes including Flo11 by repressing Sfl1, a transcriptional repressor that 

associates with the general repressor Cyc8-Tup1, and by activating Flo8, a 

transcriptional activator (16, 71, 72). 

MAPK pathway 

Most of the identified upstream signaling components in the FG MAPK 

pathway are shared with the Sho1 branch of the HOG pathway, making it unclear 

how FG specific nutritional signals are sensed.  One protein that doesnʼt have an 

identified role in the HOG pathway is Ras2, which, in addition to playing a role in the 
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PKA FG pathway, is also required for activation of the MAPK FG pathway, although 

its mechanism of action is not clear (45).  Many of the protein-protein interactions 

appear to be the same as those described for the Sho1 branch of the HOG pathway, 

except that Hkr1 and Opy2 are not required for the FG pathway.  One possibility for 

how glucose deprivation is sensed involves Msb2, the mucin-like protein that with 

Hkr1 acts as an osmosensor in the HOG pathway.  Its highly glycosylated 

extracellular domain is required for activation of the FG MAPK pathway.  This 

suggests the possibility that during times of glucose deprivation, the extracellular 

domain of Msb2 may become less glycosylated, which could cause a conformational 

change that activates the FG MAPK pathway.  Whatever the mechanism, the 

upstream signaling components work together to phosphorylate and activate Ste11, 

which subsequently phosphorylates the MAPKK, Ste7.  Although Ste7 is shared 

between the mating and FG MAPK pathways, in the FG pathway it goes on to 

phosphorylate and activate the pathway specific MAPK, Kss1.  

The inactive and unphosphorylated form of Kss1 binds to and inhibits a 

heteromeric transcriptional activator composed of Ste12 and the pathway specific 

transcription factor Tec1 (18, 38, 41).   However when phosphorylated, Kss1 no 

longer acts as an inhibitor.  Instead, active Kss1 moves to the nucleus (6) and 

phosphorylates an inhibitor called Dig1, thereby relieving inhibition of Ste12-Tec1 

and allowing transcription of FG pathway genes (17, 52, 81).  Ste12-Tec1 appears to 

have two modes by which it associates with DNA.  In one mode, termed a 

filamentation response element (FRE) each DNA binding subunit recognizes its 

cognate sequence:  Ste12 recognizes a motif called a PRE, while Tec1 associates 
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with a motif called a TCS (38).  However, at most FG pathway responsive promoters, 

no Ste12 binding site is apparent, suggesting that recognition is mediated primarily 

by Tec1 binding (14, 93). 

The transcriptional targets of the FG pathway are diverse and, in addition to 

Flo11, include genes involved in cell cycle progression, polarized growth, budding, 

and response to stress and starvation (40, 93). 

 

Mating pathway 

 S. cerevisiae is composed of two mating types, a and alpha, which produce 

different peptide mating pheromones, a factor and alpha factor respectively.  When 

the mating pathway is activated by pheromone from the opposite mating type, the 

cell forms a mating projection called a “shmoo,” which allows the cells to make 

contact with neighboring cells of opposite mating type.  The cell undergoes a host of 

changes in its plasma membrane and cell wall to allow cell-cell fusion, followed by 

fusion of the nuclei, which results in the formation of a diploid cell (4, 11, 21). 

These processes begin when pheromone from a cell of the opposite mating 

type binds to a G-protein coupled receptor (GPCR), Ste2 for a cells and Ste3 for 

alpha cells.  This binding causes the GPCR to act as a guanine nucleotide exchange 

factor (GEF) for Gpa1, the Gα subunit of the heterotrimeric G protein bound to the 

GPCR.  GTP bound Gpa1 then dissociates from the Gβ and Gγ subunits, Ste4 and 

Ste18.  The Gβγ complex is now free to associate with the MAPKKKK, Ste20, the 

scaffold protein, Ste5, and another scaffold protein, Far1 (23).  Far1 binds and 

probably activates Cdc24 (89), which activates Cdc42, which in turn activates Ste20.   
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Ste5 binds all three kinases in the mating MAPK cascade, forming a signaling 

complex that brings active Ste20 in close proximity to Ste11, allowing activation of 

the MAPK cascade.  In fact, it appears that, when bound to Gβγ and the plasma 

membrane, Ste5 undergoes a conformational change, which configures the bound 

kinases in more optimal positions for activation, suggesting that Ste5 plays an active 

role in signaling (77). 

The MAPK cascade consists of the MAPKKK, Ste11, the MAPKK, Ste7, 

which is shared with the FG pathway, and the pathway-specific MAPK, Fus3.  Fus3 

phosphorylates Far1, which mediates cell cycle arrest in addition to its previously 

described scaffolding role (4).  Fus3 also phosphorylates the semi-redundant 

inhibitors, Dig1 and Dig2 (17, 81).  These phosphorylations serve to relieve the 

inhibition on Ste12, which acts either as a homodimer or in combination with other 

transcription factors such as Mcm1, to promote transcription of mating responsive 

genes.  These include genes that encode pathway components involved in cell cycle 

control and signal transduction such as Far1, Fus3, and Ste12, and genes whose 

products are required for mating projection formation and cell fusion (11). 

 

Signaling specificity between MAPK pathways in S. cerevisiae 

Signaling specificity between the mating and FG MAPK pathways 

Using a variety of reporter constructs, transcriptional arrays and physiological 

assays many groups have observed that in wild-type cells activation of the mating 

pathway does not lead to transcription of FG pathway genes.  During exposure to 

pheromone, the mating pathway is activated and the MAPK, Fus3, becomes 
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phosphorylated.  However, it has been appreciated for some time that Kss1 is also 

phosphorylated and activated under these conditions (9, 12, 73).  Activation of Kss1 

should result in erroneous transcription of FG genes, but this does not occur.  One 

condition that does allow cross-talk between the mating and FG pathways is 

disruption of the mating MAPK, Fus3.  Sabbagh et al. observed that in fus3∆ cells 

the duration of Kss1 phosphorylation is more sustained than in a wild-type strain 

where Kss1 phosphorylation is transient.  They hypothesized that transient activation 

of Kss1 does not promote transcription of FG pathway genes whereas sustained 

activation promotes transcription of FG pathway genes.  Although this kinetic 

argument is an intriguing possibility, it seems more likely that the cross-pathway 

inhibition described below plays a greater role in maintaining signaling specificity.   

Our work and the work of others found that during activation of the mating 

pathway, Fus3 maintains specificity by phosphorylating threonine 273 of Tec1, the 

FG pathway-specific transcriptional activator (3, 10, 13).  Phosphorylated Tec1 is 

then recognized and ubiquitinated by the SCF ubiquitin ligase, resulting in its rapid 

destruction.  Through this error-correction mechanism, Fus3 inhibits the FG pathway 

and prevents filamentation genes from being improperly activated upon exposure of 

cells to mating pheromone. 

In the work described in Chapter 3 we further investigate the mechanism of 

Tec1 recognition by the SCF ubiquitin complex.  We confirmed the report by Chou et 

al. (2004) that Cdc4 is the F-box, the substrate recognition component of the SCF 

complex, that interacts with Tec1.  Additionally, using a combination of reporter 

assays, degradation time courses, and anisotropy we found that two phosphosites, 
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T273 and T276, are required for association with Cdc4.   

  Signaling specificity between the HOG and FG MAPK pathways 

Similar to the situation described above, in wild-type cells FG pathway genes 

are not expressed during activation of the HOG pathway; however, both Hog1 and 

Pbs2, the MAPK and MAPKK of the HOG pathway, are required to maintain 

signaling specificity during osmostress (49).  Deletion of either gene results in 

erroneous expression of both mating and FG pathway genes during HOG pathway 

activation.  Furthermore, it seems that the primary role that Pbs2 plays in cross-talk 

suppression is to activate Hog1, whose kinase activity is required for signaling 

specificity.   

In another parallel with the relationship between the mating and FG 

pathways, work from our group and another group found that during activation of the 

HOG pathway the FG MAPK, Kss1, is activated (29, 78).  We went on to show the 

MAPKK Ste7 is also activated.  Again, this activation could lead to transcription of 

FG pathway genes, but this does not occur.  Hao et al. propose a kinetic model to 

explain how signaling specificity is maintained.  They argue that during activation of 

the HOG pathway, active Hog1 phosphorylates the scaffold protein Ste50, which 

results in a decrease in the duration of Kss1 activation.  They go on to suggest that 

this transient activation is incapable of activating transcription of FG pathway genes.  

We found, however, that mutation of the Hog1 phosphorylation sites on Ste50 were 

not required for maintaining signaling specificity and favor the model described in 

Chapter 2.  

Chapter 2 describes the elucidation of a mechanism for maintaining signaling 
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specificity that involves cross-pathway inhibition.  Specifically, we found that Hog1 

prevents phosphorylated Kss1 from promoting expression of FG pathway genes by 

preventing Tec1 from binding to FG pathway target promoters.  Although we ruled 

out several mechanisms for how Hog1 prevents Tec1 from binding its target 

promoters including Hog1 mediated destruction of Tec1, Hog1 regulated export of 

Tec1 from the nucleus, and Hog1 regulation of Tec1 interactors, we were unable to 

determine the molecular mechanism.  Interestingly, recent work showed that Hog1 

tethered to the plasma membrane can still prevent cross-talk (87).  Since Tec1 is 

nuclear-localized, this indicates that Hog1 might interact with a cytoplasmic protein 

that then moves into the nucleus to prevent Tec1 from binding to its target 

promoters.  Screening for proteins that move from the cytoplasm to the nucleus 

during osmostress may identify factors involved in preventing cross-talk between the 

HOG and FG pathways.
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Figure 1.  The High Osmolarity Glycerol (HOG) Pathway 

Components specific to the Sho1 branch and Sln1 branch are depicted in blue and 

red respectively.  Shared components are depicted in purple. 
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Figure 2.  The Filamentous Growth (FG) Pathways 

Components in the FG MAPK and PKA pathways are shown in yellow and red 

respectively.  Ras2, which plays a role in both pathways, is shown in orange.
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Figure 3.  The Mating Pathway 
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Chapter 2:  Hog1 MAP kinase interrupts signal transduction 

between the Kss1 MAP kinase and the Tec1 transcription factor 

to maintain pathway specificity 

 

This chapter is reprinted with permission from the American Society for Microbiology 

from the following reference:  

  

Shock, T. R., J. Thompson, J. R. Yates, 3rd, and H. D. Madhani. 2009. Hog1 MAP 

kinase interrupts signal transduction between the Kss1 MAP kinase and the Tec1 

transcription factor to maintain pathway specificity. Eukaryot Cell. 

  

Author contributions:  

Teresa Shock perfumed all of the experiments shown in Figures 2-6.  Hiten Madhani 

supervised this work.  James Thompson performed the mass spectrometry whose 

results are listed in Supplemental Table 1.  John Yates III supervised the mass 

spectrometry work.   
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Abstract 

 In S. cerevisiae, the mating, filamentous growth (FG) and high-osmolarity 

glycerol (HOG) MAP kinase signaling pathways share components, yet mediate 

distinct responses to different extracellular signals.  Cross-talk is suppressed 

between the mating and FG pathways because mating signaling induces the 

destruction of the FG transcription factor Tec1.  Here we show that HOG pathway 

activation results in phosphorylation of the FG MAPK, Kss1, and the MAPKK, Ste7.  

However, FG transcription is not activated because HOG signaling prevents the 

activation of Tec1.  In contrast to the mating pathway, we find that the mechanism 

involves the inhibition of DNA binding by Tec1 rather than its destruction.  We also 

find that nuclear accumulation of Tec1 is not affected by HOG signaling.  Inhibition 

by Hog1 is apparently indirect since it does not require any of the consensus S/TP 

MAPK phosphorylation sites on Tec1, its DNA binding partner Ste12, or the 

associated regulators Dig1 or Dig2.  It also does not require the consensus MAPK 

sites of the Ste11 activator Ste50, in contrast to a recent proposal for a role for 

negative feedback in specificity.  Our results demonstrate that HOG signaling 

interrupts FG pathway signal transduction between the phosphorylation of Kss1 and 

the activation of DNA binding by Tec1.  
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Introduction 

A fundamental question in cell biology is how cells respond correctly to 

extracellular signals. Cells must accurately translate extracellular cues such as 

hormones, nutrient levels, and environmental stresses into intracellular changes 

such as protein activation or changes in gene expression.  Surprisingly, many 

signaling pathways share components, which poses a problem for the maintenance 

of signaling specificity.  Thus, if two pathways that share components have evolved 

to transduce distinct signals into distinct outputs, then specific mechanisms 

presumably exist so that activation of either signal does not lead to the inappropriate 

induction of both outputs. 

In Saccharomyces cerevisiae three mitogen-activated protein kinase (MAPK) 

pathways share multiple components, providing an excellent model system for 

studying the molecular mechanisms responsible for maintenance of signaling 

specificity.  As their names suggest the mating, filamentous growth (FG), and high 

osmolarity glycerol (HOG) pathways are functionally distinct signaling systems.  In 

response to a peptide pheromone produced by cells of the opposite mating type, the 

mating pathway is activated in haploid cells where it performs many functions 

including arrest of the cell cycle, induction of genes necessary for the mating 

process, control of mating projection formation and promotion of cellular and nuclear 

fusion (4, 11, 21, 22).  In contrast, during nutrient limitation FG pathway activation 

induces the transcription of a distinct set of genes which controls a set of 

morphological changes that occur during filamentous growth, including increased cell 

elongation, increased cell-cell adherence, and a shift to the bipolar budding pattern 
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(11, 27, 39, 55).  Finally, after a shift of the external environment to higher 

osmolarity, HOG pathway activity regulates ion channels, glycerol export, cell cycle 

progression and the protein biosynthetic machinery while inducing the transcription 

of genes whose products are involved in the synthesis of glycerol.  Together, these 

responses restore the osmotic balance to regain homeostasis (15, 32, 51).  In this 

paper, we will primarily focus on the mechanism by which cross-talk is avoided 

between the HOG and FG pathways. 

 Canonical MAPK cascades are composed of three sequential kinases: these 

are generically termed the MAPK kinase kinase (MAPKKK), the MAPKK and the 

MAPK.  In the filamentous growth pathway the three kinases of the cascade are 

named Ste11, Ste7 and Kss1, respectively (Figure 1).  Ste11 also acts as the 

MAPKKK in one branch of the HOG pathway.  Its downstream pathway-specific 

target is the MAPKK, Pbs2, which in turn activates the MAPK Hog1.  Several 

components upstream of Ste11 are also shared between the FG and HOG 

pathways, including two transmembrane proteins, Sho1 and Msb2, the membrane-

associated GTPase Cdc42, the PAK family kinase Ste20 and an adapter called 

Ste50.  Ste20 is activated by GTP-bound Cdc42 and is a MAPKKKK that 

phosphorylates and activates Ste11.   

As mentioned above, Ste11 only acts in one branch of the HOG pathway.  A 

second branch, called the Sln1 branch, also converges on activation of the MAPKK, 

Pbs2, but utilizes a two-component histidine kinase phosphorelay system similar to 

two-component systems in bacteria.  In addition to Sln1, the histidine kinase found at 

the membrane, the branch includes the phosphotransferase, Ypd1, the response 
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regulator, Ssk1, and the redundant MAPKKKs, Ssk2/Ssk22.  This branch is not 

conserved in humans, but in many fungi, including pathogenic fungi, it appears that 

this branch plays a dominant role in sensing many extracellular stresses including 

osmostress (2). 

While the receptors and the mechanisms by which they are connected to the 

downstream signaling pathway are well-understood for many signaling pathways 

including the mating pathway, considerably less is known regarding the early steps 

of signaling in the FG and HOG pathways.  Recent work suggests that the mucin-like 

proteins, Msb2 and Hkr1, act in the HOG pathway as redundant osmosensors (79).  

However, Msb2 is also required for full activation of the FG pathway (19). A third 

transmembrane protein, Opy2, appears to function specifically in the HOG pathway 

(90) and finally, a fourth transmembrane protein, Sho1, is shared between both the 

FG and HOG pathways (42, 49).  As no FG pathway-specific membrane protein has 

been identified, how FG-specific nutritional signals are sensed remains unknown.   

A remarkably complex network of protein-protein interactions connects the 

Msb2, Hkr1, Opy2, and Sho1 membrane proteins to the downstream kinases (Figure 

1).  Sho1 functions as an adapter that helps transmit the external signal to Ste11.  

Specifically, Sho1 binds to the putative osmosensors, Msb2 and Hkr1 (79).  Sho1 

also associates with Ste50 (80) which itself serves as an adaptor by binding to the N-

terminal noncatalytic domain of Ste11 as well as to Opy2 and Cdc42 (67, 83, 90).  

An interaction between the SH3 domain of Sho1 and a polyproline motif in Pbs2 is 

essential for HOG signaling (42, 43, 61) and there is also evidence that Sho1 binds 

directly to Ste11 (80, 92). The net functional result of these protein-protein 
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interactions is thought to be the signal-induced recruitment of Ste11 to the plasma 

membrane where Cdc42-bound Ste20 can then phosphorylate and activate Ste11, 

ultimately leading to the activation of the pathway-specific MAPKs.  In addition to 

transmitting the extracellular stimulus to the MAPK cascade, it is widely thought that 

this network of protein-protein interactions could prevent shared components from 

transmitting the signal to other pathways, thereby providing a mechanism for 

maintaining signaling specificity between pathways. 

One consequence of MAPK signaling is the activation of specific genes 

through the control of DNA-binding transcriptional activators.  The FG pathway 

controls a heteromeric activator composed of Ste12 and the FG pathway-specific 

transcription factor, Tec1 (38).  The inactive and unphosphorylated form of the FG 

pathway MAPK, Kss1, binds to and inhibits Ste12-Tec1; however when 

phosphorylated by Ste7, Kss1 acts to activate Ste12-Tec1, allowing transcription of 

FG pathway-specific genes (18, 41).  In addition to loss of the inhibitory activity of 

unphosphorylated Kss1, activation of Ste12-Tec1 involves inactivation of an inhibitor 

called Dig1 (17, 52, 81).  Ste12-Tec1 appears to have two modes by which it 

associates with DNA.  In one mode, each DNA binding subunit recognizes its 

cognate sequence:  Ste12 recognizes a motif called a pheromone response element 

(PRE), while Tec1 associates with a motif called a TEA/ATTS consensus sequence 

(TCS).  This composite element has been termed a filamentation response element, 

or FRE (38).  In most contexts, however, no Ste12 binding site is apparent, 

suggesting that recognition is mediated primarily by Tec1-TCS binding (14, 93).   

During osmostress, active Hog1 is imported into the nucleus (25, 68), where it 
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directly interacts with several different factors at promoters to induce transcription 

(50, 59, 69).  These factors include Hot1, the repressor Sko1, and the redundant 

stress responsive transcription factors Msn2/4 (32).  

Recent work has established a mechanism for signaling specificity 

maintenance between the mating and FG pathways during signaling through the 

mating pathway (3, 10, 13).   During exposure to pheromone the mating pathway is 

activated and the MAPK Fus3 becomes phosphorylated.  However, it has been 

appreciated for some time that Kss1 is also phosphorylated and activated under 

these conditions (9, 12, 73).  Activation of Kss1 should result in erroneous 

transcription of FG genes, but this does not occur.  Fus3 maintains specificity by 

phosphorylating threonine 273 of Tec1, the FG pathway-specific transcriptional 

activator, causing Tec1 to be recognized and ubiquitinated by the SCF ubiquitin 

ligase, resulting in its rapid destruction.  Through this cross-pathway inhibition, Fus3 

actively prevents filamentation genes from being improperly activated upon exposure 

of cells to mating pheromone.   

In contrast to the mating-FG pathway axis, it is not fully understood how 

inappropriate cross-talk with the mating and FG pathways is avoided upon activation 

of the HOG pathway.  Previous work has shown that both Hog1 and Pbs2, the 

MAPK and MAPKK of the HOG pathway, are required to maintain signaling 

specificity during osmostress (49).  Deletion of either gene results in erroneous 

expression of both mating and FG pathway genes during HOG pathway activation.  

Furthermore, it seems that the primary role that Pbs2 plays in cross-talk suppression 

is to activate Hog1, whose kinase activity is required for signaling specificity.  Again 
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this suggests Hog1 actively inhibits cross-pathway activation.  In this study we 

further investigate the mechanism that prevents cross-talk between the HOG and FG 

pathways.  Surprisingly, we found that in wild-type cells both Ste7 and Kss1 are 

phosphorylated in response to osmostress, but signaling specificity must be 

maintained since transcription of FG pathway genes does not occur under such 

conditions (20, 50, 88).  We show that signaling specificity is preserved because 

HOG signaling interrupts signaling to Tec1.  In contrast to the mechanism of cross-

talk suppression between the mating and FG pathways, we find that HOG signaling 

prevents DNA binding of Tec1 rather than inducing its destruction.  We also find that 

nuclear accumulation of Tec1 is not affected by HOG signaling.  Inhibition by Hog1 is 

apparently indirect since it does not require any of the consensus S/TP MAPK 

phosphorylation sites on Tec1, its DNA binding partner Ste12, or the associated 

regulators, Dig1 or Dig2.  It also does not require the consensus MAPK sites of the 

Ste11 activator, Ste50, in contrast to a recent proposal for a role for negative 

feedback in specificity.   
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Results 

Screen of the S. cerevisiae gene deletion collection for mutants that display a 

signaling specificity defect 

 Although both the HOG and filamentous growth pathways have been 

extensively studied, it remains unclear how signaling specificity between the 

pathways is maintained.  In an attempt to gain insight into how cross-talk might be 

prevented, we carried out a genetic screen of the S. cerevisiae gene deletion 

collection for mutants that cause erroneous activation of the FG MAPK output in 

response to HOG signaling. 

 To accomplish this goal, we transformed the Yeast Knock-Out (YKO) 

collection (Open Biosystems) with a plasmid harboring an FRE-lacZ reporter 

construct, which requires Tec1 for its expression (38).  We then screened the 

transformants using a high-throughput 96-well plate beta-galactosidase assay.  This 

initial screen identified candidates for mutants that displayed increased expression of 

the reporter gene compared to a wild-type control strain (Step 1 in Figure 2A).  As 

expected, both the hog1Δ and pbs2Δ strains showed increased expression of the 

reporter construct, indicating that our assay could identify mutants known to affect an 

output of the FG pathway.  Also, three out of four non-essential components of the 

middle module of the mediator complex and several other mediator components, 

including cdk8∆ (srb10∆), showed increased FRE-lacZ expression, consistent with 

previous reports showing that mediator can act as a negative regulator (46, 84).  We 

anticipated that our initial screen would yield false-positive identification of mutants 

due to assay variability, reporter gene-specific effects, and mutations unlinked to the 
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marked gene knockout.  To control for false-positives due to assay variability, 

mutants with beta-galactosidase activities that were at least 1.35 standard deviations 

above the median value of the plate on which it resided were selected for retesting in 

triplicate (Step 2 in Figure 2A).  This set corresponded to 365 mutants.  Of these, we 

identified 32 mutants that displayed an increase in FRE-lacZ expression that was at 

least one standard deviation above the average expression of the set of 365 mutants 

normalized to a wild-type control strain on each plate (Figure 2B). 

 To control for false-positives due to unlinked mutations and for reporter-

specific effects, we reconstructed the gene knockouts for the mutants that passed 

the first two tests in the filamentation-competent ∑1278 strain background.  These 

were made in a strain that contained a chromosomally-integrated pTEC1-lacZ 

reporter gene construct.  The resulting strains were assayed using a single tube 

beta-galactosidase assay.  To distinguish between mutants that were simply 

defective in negative regulation of the FG pathway from bona fide cross-talk mutants, 

we also assayed each reconstructed mutant in the presence and absence of 

osmostress (Step 3 in Figure 2A, data is shown in Figure 2C).  Cross-talk mutants 

would be expected to display a salt-dependent increase in the FG output whereas 

mutants defective in negative regulation would display similar outputs regardless of 

the presence of osmostress.   

 Upon analysis, we found that many of the initial candidates appeared to be 

false-positives (Figure 2C).  For unknown reasons, these included a large group of 

vesicle trafficking mutants.  Of the remaining candidates, only the hog1Δ and pbs2Δ 

mutants displayed salt-induced activation of the pTEC1-lacZ reporter gene (Figure 
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2C).  These data suggested that if unidentified components are required to prevent 

cross-talk, they may be redundant or essential.  Also, known components of either 

pathway could be involved in cross-talk suppression, as exemplified by the 

phosphorylation of Tec1 on T273 by Fus3 which prevents cross-talk between the 

mating and FG pathways. 

 

Activation of the HOG pathway in wild-type cells results in phosphorylation of Ste7 

and Kss1  

 Since we were unable to identify new components involved in maintaining 

signaling specificity between the HOG and FG pathways, we focused on gaining a 

better understanding of the role that Hog1 plays in this process.  The MAPKKK 

Ste11 is shared between the FG and HOG pathways.  Genetic data suggest that 

activation of the Sho1/Msb2/Hkr1/Opy2 branch of the HOG pathway results in 

activation of Ste11 and its target in the HOG pathway, the Pbs2 MAPKK.  It has 

been suggested that in hog1Δ and pbs2Δ strains, HOG pathway signaling results in 

the erroneous phosphorylation of the FG and mating pathway MAPKK Ste7 by Ste11 

(49).  We tested this hypothesis using an antibody we developed previously that 

recognizes a peptide corresponding to the dually phosphorylated activation loop of 

Ste7 (76).  Immunoblotting of extracts prepared from strains treated with 1M KCl salt 

for 15 minutes revealed that Ste7 was phosphorylated in both hog1Δ and pbs2Δ 

strains (Figure 3).  Furthermore, Kss1, the MAPK in the FG signaling cascade, is 

also phosphorylated in response to salt treatment of cells (Figure 3).  These data 
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correlate with the erroneous transcriptional induction of FG pathway targets in hog1∆ 

cells in response to osmostress that has been reported previously (20, 50, 88).  

 Strikingly, we found that Ste7 was also phosphorylated and activated in wild-

type cells treated with salt.  We also found that Ste11 was required for Ste7 

phosphorylation under these conditions (Figure 3).  Ste7 phosphorylation was 

partially dependent on Sho1, which is consistent with its position upstream of the 

MAPK cascade in both pathways (Figure 3).  As in hog1∆ and pbs2∆ cells, the 

osmostress-induced signal was propagated to Kss1 (Figure 3).  However, previous 

work has indicated that in contrast to hog1Δ and pbs2Δ strains, this activation of 

Kss1 in wild-type cells does not lead to transcription of FG pathway target genes.  

Given this observation, our data suggest that an inhibitory mechanism for 

maintaining signaling specificity exists downstream of phosphorylation of the Kss1 

MAPK.  Presumably, such a mechanism would interrupt the ability of the Ste12-Tec1 

transcription factor to activate its target genes. 

 

Hog1 prevents Tec1 from binding to filamentation gene promoters in a substantially 

kinase-dependent manner 

 As described in the Introduction, the available evidence strongly suggests that 

activation of the FG pathway leads to the binding of Tec1, the FG pathway-specific 

subunit of the Ste12-Tec1 transcription factor, to the promoters of target genes (93).  

Since Hog1 is required to prevent cross-talk, we reasoned that it might prevent Tec1 

from associating with promoters.  We tested this hypothesis by performing chromatin 

immunoprecipitation (ChIP) followed by QPCR on tec1∆ mutant strains 
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complemented by a myc6-TEC1 allele.  Three promoters were tested that had been 

shown in previous studies to be direct targets of Tec1:  PGU1, FLO11, and CLN1 

(40).  Primer pairs were chosen that were centered on TCS sequences found in the 

promoters of these genes.  Because salt treatment of cells results in dissociation of 

transcription factors from DNA (65), we chose to examine myc6-Tec1 association in 

the absence of salt.  Under these conditions, in a wild-type strain, we found little or 

no signal in ChIP assays indicative of an association of myc6-Tec1 with the promoter 

regions of PGU1, FLO11 or CLN1 relative to an analysis of an isogenic strain 

harboring an untagged TEC1 allele (Figure 4A).  This may not be surprising since we 

did not subject cells to conditions known to activate the FG pathway.  However, even 

in the absence of added osmostress, we found a dramatic increase in Tec1 

occupancy at all three targets in cells lacking HOG1 (Figure 4A).  This increase was 

partially dependent on SHO1 (Figure 4A).  To test if this increase in Tec1 association 

could be trivially explained by an increase in Tec1 levels, we performed quantitative 

immunoblotting studies of these strains.  As shown in Figure 4B, quantification of the 

immunoblots revealed essentially identical levels of Tec1 present in hog1∆ versus 

wild-type cells.  

 We tested the role of the enzymatic activity of Hog1 in inhibiting the 

association of myc6-Tec1 with target promoters.  Impairing the kinase activity of 

Hog1 by mutating the active site lysine (K52) required for ATP binding or by mutating 

either of the activating phosphorylation sites (T274 or Y176) also produced 

increased association of Tec1 with its target promoters (Figure 4A).  The effects of 

these hog1 mutants on myc6-Tec1 binding to endogenous promoters roughly 
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paralleled their effects on FRE-lacZ expression (Figure 4C).  That is, impairing 

kinase activity resulted in increased FRE-lacZ output.  However, it is important to 

note that none of the mutants produced the same phenotype as the HOG1 deletion, 

suggesting either that they display sufficient residual kinase activity to inhibit Tec1 or 

that there is a kinase-independent role for Hog1 in specificity in addition to its kinase-

dependent role. 

 

HOG pathway signaling does not induce degradation of Tec1 

 During activation of the mating pathway Kss1 is activated, but activation of 

Kss1 does not result in transcription of filamentous growth pathway genes.  As 

discussed above, Tec1 is degraded when the mating pathway is active, preventing 

erroneous cross-talk between the mating and FG pathways.  We tested whether 

signaling specificity between the FG and HOG pathways is mediated by a similar 

mechanism.  As expected, myc6-Tec1 was rapidly degraded when haploid MATa 

strains were treated with a-factor.  However, myc6-Tec1 steady-state levels 

remained unchanged when cells were treated with a 1M KCl osmostress (Figure 5A).  

We also tested whether Ste12 is degraded in response to salt but found that, like 

Tec1, its steady-state levels were not affected by salt treatment.  These data, as well 

as the results shown in Figure 4B, indicate that the Hog1 MAPK inhibits Tec1 not by 

inducing its destruction, but rather by directly or indirectly affecting its activity. 

  

Tec1 maintains its nuclear localization during activation of the HOG pathway 
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 Changes in the localization of proteins in response to signaling pathway 

activation are a common mode of regulation.  For example, inactive Hog1 is 

localized to the cytoplasm, but upon phosphorylation the active kinase rapidly enters 

the nucleus.  As discussed above, we discovered that HOG signaling inhibits the 

ability of Tec1 to bind to DNA. Tec1 has been reported to be localized to the nucleus, 

suggesting that the effects we observe in the absence of osmotic stress could not be 

explained by its sequestration in the cytoplasm.  However, in principle its export 

during osmostress could prevent Tec1 from binding DNA under acute stress 

conditions.  Using indirect immunofluorescence, we tested this hypothesis by 

assaying the localization of myc6-Tec1 using anti-myc epitope antibodies.  We 

confirmed that Tec1 is a nuclear protein (Figure 5B, top panel).  In response to 

osmostress, we found that Tec1 remained localized to the nucleus (Figure 5B).  

Thus, control of Tec1 localization does not seem to explain how Hog1 prevents Tec1 

from associating with target promoters. 

 

Consensus MAPK phosphorylation sites on Tec1, Dig1, Dig2 and Ste12 are not 

required to prevent cross-talk 

 Our data indicate that osmostress results in the phosphorylation of Kss1.  

However, this event apparently does not lead to association of Tec1 with its target 

promoters.  Therefore, we reasoned that a component of the FG pathway that 

functions downstream of Kss1 might be negatively regulated by Hog1 via direct 

phosphorylation (see Figure 1A).  For example, phosphorylation of Tec1 by Hog1 

could alter its affinity for DNA.  MAP kinases almost always phosphorylate substrates 
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on ST/P dipeptides.   Therefore, we constructed serine-to-alanine or threonine-to-

alanine mutations in every consensus MAPK phosphorylation site in Tec1, Dig1, and 

a related protein Dig2.  Although Dig2 appears to play a less important role in the FG 

pathway than Dig1, in the interest of completeness we included it in our analysis.  

The mutants were examined for their effects on FRE-lacZ expression by expressing 

the alleles from centromeric plasmids in strains harboring knockouts of the 

corresponding genes.  As shown in Figure 6A, none of the mutants in Tec1, Dig1 or 

Dig2 caused increased activation of the filamentous growth pathway comparable to 

either the dig1∆ or tec1-T273M mutants.  This was also true of multiple mutants 

(indicated in Fig. 4A as dig1-6A, dig1-5A, tec1-7A) that harbor mutations at all of the 

consensus sites (note that for Tec1, T273, the target of Fus3 was left intact in the 

tec1-7A allele to assess the role of the other sites).  Additionally, previous work has 

shown that mutation of all of the consensus MAPK phosphorylation sites on Ste12, 

either singly or together, does not result in increased signaling to the FG pathway 

(75). 

 

Hog1 does not regulate the association of Tec1 and Dig1 

 Since Hog1 does not appear to directly regulate any of the known 

components in the filamentous growth pathway downstream of Kss1 activation, we 

sought to identify proteins that associate with Hog1 or Tec1.  For these experiments, 

we constructed strains in which the protein was fused to a triple-FLAG epitope tag.  

The corresponding allele was either integrated into the chromosome in the case of 

Hog1 or expressed from a centromeric plasmid in the case of Tec1. The proteins 
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were immunopurified and the protein compositions of the eluates were analyzed by 

mass spectrometry using MudPIT (34, 37, 86).  For Hog1-FLAG3X, we performed 

purifications in the absence and presence of salt so that we could differentiate 

between proteins that bind the inactive versus active forms of Hog1.  However, we 

did not identify any proteins that associated with Hog1 consistently in replicate 

purifications (data not shown).  Mass spectrometry of immunopurified material from a 

3XFLAG-Tec1 strain yielded several proteins for which some coverage was obtained 

in an otherwise wild-type strain but for which no coverage was obtained in a hog1Δ 

strain (Table S1).  These proteins are candidates for factors that mediate the 

regulation of Tec1 by Hog1.  One of the proteins identified through this analysis was 

Dig1.  Dig1 is a known inhibitor of Tec1, and it is possible that during osmostress 

Hog1 either directly or indirectly prevents Dig1 from releasing Tec1.  As described 

above, we found that Hog1 does not regulate Dig1 by phosphorylation of its 

consensus MAPK sites; however it is possible that Hog1 regulates the interaction 

between Dig1 and Tec1 by some other means such as phosphorylation on a non-

consensus MAPK site.  Since low-coverage identifications in mass spectrometry-

based analysis display variability, we tested whether the presence of Hog1 affects 

the Tec1-Dig1 interaction using coimmunoprecipitation assays using 3XFLAG-Tec1.  

As shown in Figure 6B, immunoblotting of the immunoprecipitates from HOG1 cells 

with polyclonal antibodies against Dig1 revealed two bands.  Based on previous 

data, the slower migrating form is likely to be a phosphorylated form of Dig1 (81).  

However, identical results were obtained in hog1∆ cells (Figure 6B), suggesting that 

the absence of Dig1 in the immunopurified material from the hog1∆ strain reflected 
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variability in protein identification rather than a bona fide difference.  Thus, Hog1 

does not appear to regulate association of Tec1 with Dig1. 

 

Rck1 and Rck2 are not required for signaling specificity 

 Rck2 is a protein kinase, homologous to mammalian MAP kinase-activated 

protein kinases (MAPKAPs), that both interacts with Hog1 and is phosphorylated by 

Hog1 in response to osmotic and oxidative stress (7, 8, 82).  When activated, Rck2 

subsequently phosphorylates EF-2, resulting in a reduction in translation (82).  We 

tested whether in addition to its role in regulating translation, Rck2 or a closely 

related homologue called Rck1, play an undiscovered role in maintaining signaling 

specificity between the HOG and FG pathways.  Although deletion strains of Rck1 

and Rck2 were present in the gene deletion collection, and were therefore assayed 

in the screen described in Figure 2, Rck2 is one of the few known substrates of Hog1 

and merited a more careful analysis.  Beta-galactosidase assays using FRE-lacZ 

were perfumed on rck1∆, rck2∆, and rck1∆ rck2∆ strains (Figure 6C).  However, the 

data demonstrated that neither protein is required to maintain signaling specificity to 

the FG pathway.  

 

MAP kinase phosphorylation sites on Ste50 are not required for signaling specificity 

 During preparation of this manuscript it was reported that feedback 

phosphorylation of Ste50 by Hog1 down-regulates both the FG and HOG pathways 

(30).  It was also reported that mutation of five consensus MAPK phosphorylation 

sites on Ste50 resulted in cross-talk between the two pathways.  We attempted to 
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confirm the latter result by constructing and assaying the identical mutant.  However, 

we found that the ste50-5A mutant, in contrast to the hog1∆ mutant, did not display 

increased expression of the FUS1-lacZ mating pathway reporter gene used by Hao 

et al. nor did it affect the expression of pTEC1-lacZ, a reporter gene that is more 

commonly used to read-out the activity of the FG MAPK pathway (Figure 6D).  This 

was true either in the absence or presence of osmostress.  Finally, we found no 

effect of this ste50 allele on the phenotype of hog1∆ mutants in either assay (Figure 

6C). 
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Discussion 

Many signaling pathways that regulate distinct outcomes share components, 

leading to the proposal of a number of models to explain how erroneous cross-talk 

between pathways is avoided.  These include scaffold-mediated insulation, in which 

signaling occurs in a protein complex from which shared components either do not 

dissociate in their active states or, if they do, they are rapidly inactivated (e.g. by 

dephosphorylation) so that other pathways are not erroneously activated.  A second, 

more active, mechanism to maintain specificity occurs when signaling through one 

pathway inactivates pathway-specific components of the second pathway.  This 

cross-pathway inhibition is exemplified in S. cerevisiae by the destruction of the FG 

pathway transcriptional activator, Tec1, in response to phosphorylation by the mating 

pathway MAPK, Fus3 (Figure 7).  In this study, we sought to understand how 

specificity is maintained between the HOG and FG MAPK pathways.  Our results 

strongly suggest that cross-pathway inhibition also operates in this case, but that the 

specific molecular mechanisms involved are distinct from those known to act to 

maintain specificity between the mating and FG pathways. 

Our first indication that an inhibitory mechanism was at play between the 

HOG and FG MAPK pathways was that we found that both the Ste7 and Kss1 FG 

pathway kinases were activated in response to osmostress, despite the fact that in 

wild-type cells osmostress does not activate FG pathway target genes.  Thus, even 

when all scaffolds and protein complexes are intact, the many protein-protein 

interactions in the HOG pathway apparently do not prevent erroneous activation of 

these kinases.  We confirmed both that HOG signaling is required to suppress cross-
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talk between the two pathways and that Hog1 kinase activity is important for 

specificity, suggesting an active inhibitory mechanism. Our data suggests that Hog1 

either phosphorylates and inactivates an activator of Tec1 or activates an inhibitor of 

Tec1 thereby interrupting signaling.  While this manuscript was in preparation, Hao 

et al.  also reported that Kss1 is phosphorylated in response to osmostress (30).  

They further provided evidence that the shared component Ste50 was 

phosphorylated under these conditions.  Based on the phenotype of a mutant lacking 

five consensus MAPK phosphorylation sites on Ste50, they suggested that specificity 

is maintained through Hog1-dependent inhibition of Ste50, which limits the duration 

of Kss1 activation during osmostress.  It was further suggested that by limiting the 

time of Kss1 activation, specificity would in some way be maintained.  However, in 

contrast to these findings, we observed that the identical mutation in Ste50 did not 

produce the cross-talk phenotype of hog1∆ cells using either FG or mating pathway 

reporter genes.  Thus, we conclude that Hog1 instead targets another protein to 

promote signaling specificity. 

Our chromatin immunoprecipitation studies suggest that HOG signaling 

inhibits the association of the FG pathway activator Tec1 with its target genes.  

Specifically, in hog1∆ cells or in cells expressing catalytically-deficient forms of 

Hog1, we observed a dramatic increase in the association of Tec1 with three 

different target promoters, even in the absence of osmostress.  This increase in Tec1 

occupancy was not associated with an increase in Tec1 protein levels.  We also 

found that osmostress did not affect the nuclear accumulation of a myc6-tagged 
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version of Tec1.  Thus, HOG signaling inhibits the ability of Tec1 to associate with its 

target promoters without affecting its levels or localization. 

To gain further insight into how the activity of Tec1 might be regulated, we 

tested the possibility that Tec1 or its inhibitor, Dig1, or a related inhibitor, Dig2, might 

be controlled via direct phosphorylation by Hog1.  However, individual or 

simultaneous mutation of all consensus MAPK sites (with the exception of the site 

known to be targeted by Fus3 on Tec1, T273) failed to recapitulate the phenotype of 

the hog1∆ mutant with respect to increased expression of FG pathway genes.  Also, 

previous work has shown that consensus MAPK site mutants of Ste12, the 

combinatorial DNA binding partner of Tec1, do not show erroneous expression of FG 

genes. These data suggest that Hog1 most likely inhibits the ability of Tec1 to 

interact with target promoters indirectly.  

Such a model would be consistent with a recent study that demonstrated that 

a plasma membrane-tethered version of Hog1, that was unable to enter the nucleus 

upon osmostress, retains its ability to suppress cross-talk between the HOG and 

mating signaling pathways (87).  Assuming that the mechanism that suppresses 

cross-talk between the HOG and mating pathways is similar to that which 

suppresses cross-talk between the HOG and FG pathways, we suggest that Hog1 

targets a cytoplasmic protein whose phosphorylation in some way restricts the ability 

of Tec1 to bind DNA in the nucleus.  This factor could either move into the nucleus or 

it could control the movement of other proteins into the nucleus. Such a factor may 

be either essential or redundant since our screen of the nonessential gene deletion 

collection for cross-talk mutants yielded only strains deleted for PBS2 and HOG1.  



 41 

Since Hog1 also prevents cross-talk between the HOG and mating pathways, it is 

tempting to speculate that such a mechanism also limits activation of the Ste12 

activator downstream of the phosphorylation of Fus3 by Ste7. 
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Materials and Methods 

Yeast Strains, Plasmids, and Genetic Techniques 

 Strains used in this paper are of the Sigma 1278b background whose full 

genotype is trp1 leu2 ura3 his3 and are listed in the strain table (Table S2).  All 

alleles on plasmids were expressed from their natural promoters and are listed in the 

plasmid table (Table S3). 

 After growing the yeast knock-out collection strains (Open Biosystems) in 

deep-well 96 well plates in YPD for 2-3 days, the media was removed and 200 µL of 

transformation mix was added (43% polyethylene glycol, 85 mM LiOAc, 7.5 mM Tris-

HCl [pH 8.0], 0.75 mM EDTA, 0.25 mg/mL single-stranded DNA, 0.5 µg/mL FRE-

lacZ plasmid DNA).  Plates were vortexed using a multitube vortexer (VWR) and 

incubated at 42°C for 3 hr.  1 mL of SC-Ura was added to each well, then 150 µL of 

this dilution was transferred to a fresh 96 well plate containing 1.2 mL of media.  

These plates were grown for 2-3 days. 

   

Extract preparation and immunoblotting for Westerns 

Cells were grown to mid-log phase (OD 0.6–0.8). The culture was split and 

appropriate samples were treated with 1 M KCl or a factor for 15 min. Cells were 

collected by centrifugation and snap-frozen.  Pellets were resuspended in 100 µL of 

lysis buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 100 mM NaF, 5 mM EDTA, 1% 

NP-40, 15mM 4-nitrophenylphosphate, 30 mM Na2S2O5, 0.1 mM Na3VO4, 80 mM ß-

glycerophosphate, 1 mM DTT, 1:100 Sigma phosphatase inhibitor cocktails 1 and 2, 

and 1:260 Sigma protease inhibitor cocktail).   Zirconia/silica beads (Biospec 
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products) were added.  Cells were disrupted in a Mini-Beadbeater 8 (Biospec 

products) by four cycles of disruption at full power for 1 min, cooling on ice for 2 min 

between each cycle.  Extract was removed by pipetting and the beads were washed 

in 100 µL lysis buffer and this material was added to extract.  Cell debris was 

removed by centrifugation at 14,000 for 10 min.  Protein concentration was 

determined by BCA Protein Assay (Pierce). 100 µg of whole cell extract was 

resolved on 7.5 or 10% SDS-PAGE gels and transferred to nitrocellulose. 

Immunoblotting was performed with the following antibodies at the indicated 

dilutions: anti-p42/44 (1:1000; NEB), anti-myc (1:1000; 9E10, Covance), anti-Ste7 

(1:2000; a gift from Brad Cairns), anti-phospho-Ste7 (1:1000; custom generated at 

Phosphosolutions, Inc.), anti-tubulin (1:2000; Abcam), anti-mouse IgG-HRP (1:3000; 

BioRad), anti-rabbit IgG-HRP (1:3000; BioRad), anti-rat IgG-HRP (1:3000; Jackson 

Laboratories). Membranes were stripped by incubation in 0.2 M NaOH for 5 min and 

reprobed where indicated. 

Pheromone and salt time-course experiments were perfumed as described in 

Bao et al. (2004) except that for the salt time-course the cultures were treated with 1 

M KCl for the indicated times.  Polyclonal Ste12 antibodies were used at 1:1000 (a 

gift from the Herskowitz lab). 

 

Coimmunoprecipitation Experiments 

 100 mL cultures were grown to an OD600 of 0.8-1.0, collected by 

centrifugation and snap-frozen.  Pellets were resuspended in 400 µL of lysis buffer 

(50 mM HEPES-KOH [pH 7.6], 250 mM KOAc, 10 mM EDTA, 20% glycerol, 1 mM 
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DTT, 5 mM 4-nitrophenylphosphate, 10 mM Na2S2O5, 80 mM ß-glycerophospate, 

1:100 Sigma phosphatase inhibitor cocktails 1 and 2, and 1:260 Sigma protease 

inhibitor cocktail) and zirconia/silica beads were added.  Cells were disrupted and 

the lysate was collected as described for Western Extract Preparation.  KOAc was 

added to a final concentration of 400 mM, then polyethyleneimine was slowly added 

to a concentration of 0.1%.  Cell debris was removed by centrifugation and the 

protein concentration was measured using BCA Protein Assay (Pierce).  After 

normalizing the protein concentration, M2 FLAG agarose (Sigma) washed 3X in lysis 

buffer was added to the extracts and the samples were rocked for 15 min.  Beads 

were washed 3X with lysis buffer, then boiled in sample buffer (30 mM Tris-HCl [pH 

6.8], 5 mM DTT, 6% SDS, 20% glycerol, bromophenol blue).   The samples were run 

on a 7.5% SDS-PAGE gel, transferred to PVDF, and immunoblotted with anti-FLAG 

(1:2000; Sigma) and anit-Dig1 (1:1000; gift from Mike Tyers). 

 

Chromatin Immunoprecipitation 

Cells were grown to mid-log phase (OD600 of 0.4–0.5).  50 mL of culture were 

fixed with 1% formaldehyde at room temperature for 15 min.  Glycine was added to a 

final concentration of 125 mM and samples were incubated at room temperature for 

5 min.  Cells were washed 2X with TBS, collected by centrifugation and snap-frozen.  

Pellets were resuspended in 500 µL of lysis buffer (50 mM HEPES pH 7.5, 140 mM 

NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 1:260 Sigma 

protease inhibitor cocktail) and zirconia/silica beads were added.  Cells were 

disrupted in a Mini-Beadbeater 8 (Biospec products) by five cycles of disruption at 
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full power for 1 min, cooling on ice for 2 min between each cycle.  The lysate was 

collected.  The chromatin-containing pellet was separated by centrifugation and 

resuspended in 300 µL lysis buffer.  Sonication was performed using a waterbath 

sonicator (Bioruptor) set to cycle at 30 sec on and 1 min off for 30 min.  Cell debris 

was removed by centrifugation at 14,000 for 10 min. 

 3 µL 9E10 antibody was added to each sample and the mixture was rocked at 

4ºC for 2 hr.  Protein G Sepharose was washed 3X in PBS and 2X in lysis buffer.  20 

µL of washed beads were added to each sample.  After 1.5 hr at 4ºC the beads were 

washed 2X with lysis buffer, 2X with high salt lysis buffer (500 mM NaCl), 2X with 

wash buffer (10 mM Tris-Cl [pH 8.0], 250 mM LiCl, 0.5% NP-40, 0.5% sodium 

deoxycholate, 1 mM EDTA) and 1X with TE pH 8.0.  100 µL of elution buffer (50 mM 

Tris-Cl [pH 8.0], 10 mM EDTA, 1% SDS) was added and the samples were 

incubated at 65ºC for 15 min.  The eluate was collected by centrifugation.  The 

beads were washed with TE + 0.67% SDS + proteinase K and the supernatant was 

added to the eluate from the previous step and incubated at 65ºC overnight. 

 DNA was purified using Qiagen PCR Purification columns.  RNAse was 

added to the purified DNA, and the samples were incubated at 37ºC for 1 hr.  

Samples were analyzed using QPCR. 

 

ß-galactosidase assays 

Single tube beta-galactosidase assays were done as described in Bao et al. 

(2004) except that after the cultures were split, one set was treated with 0.4 M NaCl 

for 5 hr before collection.  For the 96-well beta-galactosidase assays cells were 
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grown to log phase in 96-well plates and their O.D.600 was measured using an optical 

plate reader (Molecular Devices).  10 µL of culture was added to 10 µL 

permeabilization buffer (0.227 M Na2HPO4, 0.142 M NaH2PO4, 20 mM KCl, 4 mM 

MgSO4, 5% CHAPS, 40 mM 2-mercaptoethanol) and incubated at room temperature 

for 10 min.  180 µL substrate solution (0.113 M Na2HPO4, 71 mM NaH2PO4, 10 mM 

KCl, 2 mM MgSO4, 20 mM 2-mercaptoethanol, 20 mM chlorophenolred-ß-D-

galactopyranoside) warmed to 37oC was added.  Readings were taken every 2 min 

at O.D.550 using an optical plate reader. The beta-galactosidase value was calculated 

as ((Rate-Average blank rate)/(rate sample volume)) / ((OD650-Average blank 

OD650)/(OD650 volume). 

 

Immunofluorescence 

Samples collected before or after treatment with 0.4 M NaCl for 15 min were 

resuspended in 1 mL Buffer KP + formaldehyde (90 mM potassium phosphate pH 

6.4, 3.7% formaldehyde) and fixed by incubation at 30˚C for 10 min.  Samples were 

washed 3X with 1 ml of Buffer KP (100 mM potassium phosphate pH 6.4) and 1X 

with 1 mL Buffer KPS (100 mM K2HPO4, 1.2 M sorbitol, 36 mM citric acid, pH 5.9).  

Samples were resuspended in 250 µL of Buffer KPS and stored overnight at -20˚C.  

Samples are defrosted and digested by addition of 2 µL of 10 mg/ml Zymolyase 

100T at 30˚C with nutation for 20 min.  Digested cells were washed once with Buffer 

KPS (after digestion spin at 2000 rpm) and resuspended in ~20-40 µl Buffer KPS 

depending on size of pellet.  10 µl of cells are applied for 2 min to glass slides with 

wells (ER-267W, Erie Scientific) pre-coated with 0.1% poly-L-lysine for 5 min.  Cells 
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are aspirated and slides are plunged sequentially into cold methanol for 3 min and 

10 sec into cold acetone (methanol and acetone were stored at -20˚C).  Wells were 

washed 2X with BSA-PBS (1X PBS with 10 mg/ml BSA) and incubated with 20 µl of 

9E10 antibody diluted 1:2000 in BSA-PBS for 1.5 hr in a humid chamber.  Wells 

were washed 5X with BSA-PBS and incubated with 20 µl of anti-mouse TRITC 

conjugated secondary diluted 1:1000 in BSA-PBS for 2 hr in a humid chamber.  

Wells are washed 5X with BSA-PBS and mounting media (1 mg/mL 

phenylenediamine, 40 mM K2HPO4, 10 mM KH2PO4, 150 mM NaCl, 0.1% NaN3, 50 

µg/mL DAPI, 5% vectashield, 90% glycerol, pH 8) was added.  Slides are analyzed 

with the Zeiss Axiovert 200M inverted microscope and images were analyzed with 

AxioVision 4.6 software. 

 

Mass spectrometry 

Extract Preparation for Mass Spectrometry 

 1 L cultures were grown to an OD600 of ~1 and collected by centrifugation.  

The cell pellet was resuspended in 5 mL Buffer H0.3 (25 mM HEPES-KOH [pH 7.6], 

0.1 mM EDTA, 0.5 mM EGTA, 2 mM MgCl2, 20% glycerol, 0.02% NP-40, 300 mM 

KCl, 1 mM DTT, 5 mM 4-nitrophenylphosphate, 10 mM Na2S2O5, 80 mM ß-

glycerophospate, 1:100 Sigma phosphatase inhibitor cocktails 1 and 2, and 1:260 

Sigma protease inhibitor cocktail) and dropped slowly in liquid nitrogen.  Frozen cell 

pellets were lysed using a mortar and pestle.  The extract was slowly thawed and 

brought to a volume of 16 mL with Buffer H0.3.  Cell debris was removed by 

centrifugation.  M2 FLAG agarose (Sigma) was washed 3X in Buffer H0.3, then 
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added to the extract and rocked for 2 hr at 4°C.  The beads were washed 3X with 

Buffer H0.3. 3XFLAG peptide was added and rocked for 30 min at 4°C.  The eluate 

was collected and precipitated overnight at 20°C by addition of 9 volumes of 100% 

ethanol. 

Sample Preparation 

To each of the three samples 8M Urea, 100 mM Tris, pH 8.5 were added to 

solubalize the protein.  The subsequent mixture was then reduced by adding 1M 

TCEP (for a final concentration of 5 mM TCEP) and incubated at room temperature.  

To alkylate, Iodoacetamide (10 mM final concentration) was added and the samples 

were subsequently incubated at room temperature while in the dark for 15 min.  

Endoproteinase Lys-C (0.1 µg/µL) was then added in the amount of 2.0 µL and 

shaken for 4 hr while incubated in the dark at 37ºC.  The addition of 100 mM Tris pH 

8.5 diluted the solutions to 2 M Urea. Calcium chloride (100 mM) was then added for 

a final concentration of 1 mM CaCl2.  Trypsin (0.5 µg/µL) was added in the amount 

of 10.0 µL.  The resulting mixtures were then shaken for 18 hr and incubated in the 

dark at 37ºC.  To neutralize 15.00 µL of Formic Acid (90%) was added for a final 

concentration of 5% Formic Acid.  The tubes were centrifuged for 30 min at 2ºC on a 

table top centrifuge.  

Multidimensional Protein Identification Technology (MudPIT)  

Upon completion of the digestion, the proteins were pressure-loaded onto a 

fused silica capillary desalting column containing 3 cm of C18 (5-µm particle 

diameter) followed by 3 cm of C18 (5 µm reverse-phase resin) packed into a 

undeactivated capillary (250 µm inner diameter).  Using 1.5 mL of buffer A (95% 
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water, 5% acetonitrile, and 0.1% formic acid) the desalting columns were washed 

overnight.  Following the desalting process, a 100-µm i.d capillary consisting of a 10-

µm laser pulled tip packed with 10 cm 3-µm Aqua C18  material (Phenomenex, 

Ventura, CA) was attached to the filter union (desalting column–filter union–

analytical column).  The resulting split-columns were placed inline with a 

ThermoFinnigan Surveyor MS Pump (Version 2.3; Palo Alto, CA) and analyzed using 

a customized 5-step separation method (90, 120, 120, 120, and 150 min 

respectively).  

Step 1 utilized only buffer A (95% water, 5% acetonitrile, and 0.1% formic 

acid) and buffer B (80% acetonitrile, 20% water, and 0.1% formic acid).  It began 

with 5 min of 100% Buffer A, followed by the following buffer B gradients: 5 min of 0-

10%, 40 min of 10-45%, and 10 min of 45-100%.  Twenty min of 100% buffer B 

ensued and the gradient program ended with 10 min of 100% buffer A.  Steps 2-5 

utilized Buffers A, B, and C (500 mM ammonium acetate, 5% acetonitrile, and 0.1% 

formic acid).  Steps 2, 3 and 4 each began with: 3 min of 100% buffer A, 7 min of 

20% buffer C, a 5 min gradient from 0 – 10% buffer B, a 75 min gradient from 10-

45% buffer B, and then 5 min of a 45-100% buffer B gradient.  Ten min of 100% 

buffer B followed and then the sequence ended with 10 min of 100% buffer A.  The 

buffer C portions consisted of 20% for step 2, 50% for step 3, and 80% for step 4.  

Step 5 began in a similar fashion (3 min of 100% buffer A, 7 min of 100% 

buffer C, and a 5 min gradient from 0 – 10% buffer B) yet its 10-45% buffer B 

gradient lasted for 85 min and the 45-100% buffer B gradient was for 10 min.  Ten 
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min of 100% and then a gradient of 0-100% buffer B ensued with the run ending with 

10 min of 100% buffer A.  

By increasing the salt concentration (buffer C) peptides “bump” off of the SCX 

and then with a gradient of increasing hydrophobicity (buffer B) the peptides can 

elute from the RP into the ion source.  To elute the peptides from the micro capillary 

column, a distal 2.5 kV spray voltage was applied.  The applied voltage caused the 

peptides to directly electro spray into an LTQ 2-dimensional ion trap mass 

spectrometer (ThermoFinnigan, Palo Alto, CA).  First a cycle of one full-scan mass 

spectrum (300-2000 m/z) and then 5 data-dependent MS/MS spectra at a 35% 

normalized collision energy was performed throughout each step of the 

multidimensional separation.  The aforementioned HPLC solvent gradients and MS 

functions were all controlled by the Xcalibur data system (Version 1.4). 

Analysis of Tandem Mass Spectra 

As each step was executed, its spectra were recorded to a RAW file.  This 

data was then converted into .ms2 format through the use of RawXtract (Version 

1.8).  From the .ms2 files, poor quality tandem mass spectra were removed using an 

automated spectral quality assessment algorithm known as a “PARC” filter (5).  The 

remaining MS/MS spectra were searched with the SEQUEST™ algorithm (24) 

against the SGD_S-cerevisiae.fasta database (created on  12/16/05). Protein 

sequences from the database were reversed (decoy database) to assess the false 

positive rate (58).  A computer cluster consisting of 100 1.2 GHz Athlon CPUs  was 

used to perform the search (74).  The SEQUEST search did not employ any enzyme 

specificity and the final data set was filtered using the DTASelect™ (version 2.0) 
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program.  The type of digestion method used was specified (--trypstat for tryptic 

digests) so as to specifically filter for peptides with trypsin specificity.  A user-

specified false positive rate was used to dynamically set XCorr and DeltaCN 

thresholds through quadratic discriminant analysis.  This dataset was then further 

filtered to remove contaminants (i.e. keratin) through the use of Contrast (version 

2.0).  A minimum of 2 peptides and half tryptic status (-p 2 –y 1) were set in the 

Contrast.params file.   
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Figure 1. The filamentous growth and HOG MAP kinase signaling pathways.   

Components that are shared between the FG and HOG pathways are depicted in 

solid green.  Components of the FG pathway are outlined in yellow and components 

of the HOG pathway are outlined in blue.  For simplicity, some interactions for which 

there exist evidence are not depicted such as those between Sho1 and Ste50 and 

Sho1 and Ste11.  Also, the interaction between Ste50 and Cdc42 is not depicted in 

the HOG pathway and only one of several possible transcription factors is depicted 

in the HOG pathway 
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Figure 2.  Screen of the yeast gene knock-out collection.   

A.  Scheme. 1. The Yeast Knockout Collection (YKO) was transformed with a 

plasmid encoding an FRE-lacZ reporter gene.   Transformants were screened for 

increased expression of lacZ using a 96-well beta-galactosidase assay.  2.  The 365 

mutants with the highest levels of lacZ expression normalized to the median of each 

plate were re-arrayed and re-tested in triplicate.  3.  The genes from the mutants that 

were one standard deviation above wild-type in the re-tests were knocked out in the 

Sigma strain background.  An integrated pTEC-LacZ reporter was used with single 

tube beta-galactosidase assays to test for increased expression of lacZ in response 

to osmostress.   

B.  Data obtained from retesting experiments.  The strains were taken from the 

deletion collection and are in the S288C strain background.  The black line 

represents one standard deviation above the mean value for wild-type strains 

assayed.  Mutants represented by red dots were found to display increased FRE-

lacZ output when reconstructed and reassayed in the Sigma 1278b strain 

background while mutants represented by blue dots were not.  hog1Δ and pbs2Δ 

serve as positive controls and are indicated.  Mutants represented by gray dots were 

not assayed in the Sigma strain background.    

C. pTEC1-lacZ expression levels for the knockout strains reconstructed in the Sigma 

1278b strain background.  The knockout strains were made from YM2932.  Strains 

of the indicated genotypes were assayed after being cultured for 5 hr in the presence 

or absence of 0.4 M NaCl. 
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Figure 3.  Ste7 and Kss1 are phosphorylated upon osmostress. 

Shown are immunoblots of wild-type, hog1∆, pbs2∆, sho1∆, and ste11∆ strains 

(F1950, YM2144, YM2145, YM2174, and YM1144 respectively).  Cells were either 

untreated (-), treated with 1M KCl for 15 min (+) or treated with a mating pheromone 

(αF) for 15 min.  Phosphoproteins were detected with phospho-specific antibodies.  

Bands corresponding to the phosphorylated form of the indicated proteins are 

shown.  Wild-type treated with mating pheromone serves as a control for the 

antibodies used.  Ste7 is also the MAPKK in the mating pathway and is robustly 

activated in response to αF.  This results in the phosphorylation of the mating MAPK, 

Fus3.  Tubulin is used as a loading control. 
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Figure 4.  Hog1 limits Tec1 binding to FG pathway promoters.   

A.  ChIP assays.  Shown is the ChIP signal corresponding to Tec1 association with 

the indicated promoters in a hog1∆ tec1∆  strain (YM1993) transformed with TEC1 

(untagged) or myc6-TEC1 and a plasmid harboring the indicated HOG1 allele 

(hog1∆ and hog1∆ sho1∆ (YM2173) were transformed with insert-less vector).  

PGU1, FLO11 and CLN1 promoters are diagrammed.  The blue rectangles represent 

putative Tec1 binding sites and the arrows represent the primers used for chromatin 

IP. 

B.  Tec1 protein levels.  Shown are anti-myc and anti-tubulin immunoblots of a tec1∆ 

and hog1∆ tec1∆ strain (YM1934 and YM1993) transformed with myc6-TEC1.  

Protein levels were measured using fluorescent secondary antibodies.   

C.  FRE-lacZ expression.  Shown are beta-galactosidase activities of a hog1∆  strain 

(YM2144) transformed with plasmids harboring the indicated HOG1 alleles (hog1∆ 

and hog1∆ sho1∆ (YM2188) were transformed with the corresponding insert-less 

vector). 
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Figure 5.  HOG signaling does not affect stability or localization of Tec1.   

A.  Immunoblots showing myc6-Tec1 and Ste12 protein levels in response to 

treatment of wild-type cells with 5 µM alpha factor or 1 M KCl for the indicated time 

periods.   

B.  Indirect immunofluorescence images of myc6-Tec1 localization in a tec1∆ strain 

(YM1934) transformed with myc6-TEC1 after treatment of cells with 1 M NaCl for 10 

min. 
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Figure 6.  Cross-talk suppression between the FG and HOG pathways does 

not require the consensus MAPK sites on Dig1, Dig2 and Tec1 nor does HOG 

signaling affect the Tec1-Dig1 interaction.   

A.  FRE-LacZ expression in a dig1∆, dig2∆ and tec1∆ strain (YM1598, YM2411, and 

YM1934 respectively) transformed with the indicated plasmids.  tec1-T273A shows 

elevated expression of FRE-lacZ due to cross-talk from the mating pathway.  tec1-

3A is tec1-S462A S469A T476A.  

B.  Co-immunoprecipitation of Dig1 with 3XFLAG-Tec1 in both wild-type and hog1∆ 

strains (YM2614 and YM2615).   

C.  FRE-lacZ expression in a wild-type, hog1∆, rck1∆, rck2∆, and rck1∆ rck2∆ double 

strain (F1950, YM2144, YM2347, YM2348, and YM2352 respectively). 

D. FUS1-lacZ and pTEC1-lacZ expression in a ste50∆ and ste50∆ hog1∆ double 

(YM1958, YM3526, YM3527, and YM3528) transformed with the indicated STE50 

allele.  A difference in the growth and media conditions is the likely explanation for 

why hog1∆ does not show as strong an induction of pTEC1-lacZ in response to salt 

as in Figure 2.  
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Figure 7.  Model of Tec1 Regulation. 
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Table S1.  Proteins observed associated with Tec1 in Wild-Type but not hog1∆ 

Hit 
Protein 

Protein Description Sequence 
Coverage 

TRX2 Cytoplasmic thioredoxin isoenzyme of the thioredoxin 
system which protects cells against oxidative and reductive 
stress 

21.20% 

LOC1 Nuclear protein involved in asymmetric localization of 
ASH1 mRNA 

20.60% 

RPA34 RNA polymerase I subunit A34.5 15.90% 
RRP17 Component of the pre-60S pre-ribosomal particle 13.60% 
LUG1 Putative protein of unknown function 13.10% 
GBP2 Poly(A+) RNA-binding protein, involved in the export of 

mRNAs from the nucleus to the cytoplasm 
12.90% 

CCT7 Subunit of the cytosolic chaperonin Cct ring complex, 
required for the assembly of actin and tubulins in vivo 

12.90% 

IMP3 Component of the SSU processome, which is required for 
pre-18S rRNA processing 

12.60% 

NOG2 Putative GTPase that associates with pre-60S ribosomal 
subunits in the nucleolus and is required for their nuclear 
export and maturation 

12.60% 

PXR1 Essential protein involved in rRNA and snoRNA maturation 11.80% 
CCT2 Subunit beta of the cytosolic chaperonin Cct ring complex, 

required for the assembly of actin and tubulins in vivo 
10.80% 

DIG1 Involved in the regulation of mating-specific genes and the 
invasive growth pathway 

10.00% 

EBP2 Essential protein required for the maturation of 25S rRNA 
and 60S ribosomal subunit assembly 

9.80% 

LYS20 Homocitrate synthase isozyme, catalyzes the 
condensation of acetyl-CoA and alpha-ketoglutarate to 
form homocitrate 

9.80% 

MAK16 Constituent of 66S pre-ribosomal particles; required for 
maturation of 25S and 5.8S rRNAs 

9.50% 

PCT1 Cholinephosphate cytidylyltransferase 9.40% 
RVS161 Amphiphysin-like lipid raft protein; subunit of a complex 

(Rvs161p-Rvs167p) that regulates polarization of the actin 
cytoskeleton, endocytosis, cell polarity, cell fusion and 
viability following starvation or osmotic stress 

8.30% 

YDR348C Protein of unknown function 8.20% 
SPB1 AdoMet-dependent methyltransferase involved in rRNA 

processing and 60S ribosomal subunit maturation 
8.00% 

LEO1 Component of the Paf1 complex, which associates with 
RNA polymerase II and is involved in histone methylation 

7.50% 

ENO2 Enolase II, a phosphopyruvate hydratase  7.10% 
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PRO3 Delta 1-pyrroline-5-carboxylate reductase, catalyzes the 
last step in proline biosynthesis 

7.00% 

TIF4631 Translation initiation factor eIF4G, subunit of the mRNA 
cap-binding protein complex (eIF4F) 

7.00% 

RFC3 Subunit of heteropentameric Replication factor C (RF-C), 
which is a DNA binding protein and ATPase that acts as a 
clamp loader of PCNA processivity factor for DNA 
polymerases delta and epsilon 

6.80% 

CUE5 Protein containing a CUE domain that binds ubiquitin, 
which may facilitate intramolecular monoubiquitination 

6.80% 

HRB1 Poly(A+) RNA-binding protein, involved in the export of 
mRNAs from the nucleus to the cytoplasm 

6.80% 

NOP53 Nucleolar protein; involved in biogenesis of the 60S subunit 
of the ribosome 

6.80% 

CCT4 Subunit of the cytosolic chaperonin Cct ring complex, 
required for the assembly of actin and tubulins in vivo 

6.80% 

BRE5 Ubiquitin protease cofactor, forms deubiquitination complex 
with Ubp3p that coregulates anterograde and retrograde 
transport between the endoplasmic reticulum and Golgi 
compartments 

6.80% 

YDL025C Putative protein kinase, potentially phosphorylated by 
Cdc28p 

6.60% 

DHH1 Cytoplasmic DExD/H-box helicase, stimulates mRNA 
decapping, coordinates distinct steps in mRNA function 
and decay 

6.30% 

RPN3 Essential, non-ATPase regulatory subunit of the 26S 
proteasome lid 

6.10% 

NOG1 Putative GTPase that associates with free 60S ribosomal 
subunits in the nucleolus and is required for 60S ribosomal 
subunit biogenesis 

5.90% 

TIF2, 
TIF1 

Translation initiation factor eIF4A; DEA(D/H)-box RNA 
helicase that couples ATPase activity to RNA binding and 
unwinding 

5.80% 

HSP82 Hsp90 chaperone required for pheromone signaling and 
negative regulation of Hsf1p 

5.80% 

SRP72 Core component of the signal recognition particle (SRP) 
ribonucleoprotein (RNP) complex that functions in targeting 
nascent secretory proteins to the endoplasmic reticulum 
(ER) membrane 

5.50% 

TUB3 Alpha-tubulin; associates with beta-tubulin (Tub2p) to form 
tubulin dimer, which polymerizes to form microtubules 

5.40% 

PMA1 Plasma membrane H+-ATPase, pumps protons out of the 
cell; major regulator of cytoplasmic pH and plasma 
membrane potential 

5.00% 
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Abstract 

 In Saccharomyces cerevisiae, the pheromone-induced ubiquitination and 

degradation of the filamentation pathway-specific activator, Tec1, suppresses cross-

talk between the mating and filamentous growth MAPK pathways.  The mating 

pathway MAPK, Fus3, phosphorylates Tec1, resulting in its recognition by the SCF 

ubiquitin ligase complex, leading to its proteolysis. Tec1 destruction requires its 

phosphorylation on threonine 273 (T273), which is embedded in the sequence, 

LLpTP.  This sequence is identical to a previously defined optimal binding site for 

Cdc4, a conserved F-box substrate adaptor for the SCF complex.  However, recent 

work on both human and yeast Cdc4 orthologs show that a second substrate 

phosphate can be required for optimal Cdc4 binding in vitro.  Here we report that 

high-affinity binding of recombinant Cdc4 to Tec1 phosphopeptides requires 

phosphorylations at T273 and T276, the latter site identified previously by mass 

spectrometry.  Significantly, both phosphosites on Tec1 and a conserved basic 

pocket on Cdc4 are critical for Tec1 proteolysis in response to pheromone treatment 

of cells, establishing a role for two-phosphate recognition by yeast Cdc4 in substrate 

targeting in vivo.  Surprisingly, a phosphomimic aspartate substitution of T276 

functions remarkably effectively in vivo even when single-cell responses are 

measured, raising the possibility that the use of this mechanism in Tec1 may reflect 

a need to conform to constraints on Cdc4 for other substrates rather than an 

adaptive systems-level necessity for the dual phosphorylation mechanism. 
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Introduction  

 Cellular differentiation and survival depend on soliciting the correct intracellular 

response to environmental cues.  Paradoxically, the signaling pathways in eukaryotic 

cells that perform these crucial functions often share components.  How insulation of 

these interconnected signaling pathways is achieved, to ensure a specific and 

accurate internal response to extracellular signals, remains a central question in cell 

biology.  In the budding yeast, Saccharomyces cerevisiae, two conserved mitogen-

activated protein kinase (MAPK) pathways share numerous components but regulate 

two distinct developmental programs, namely mating and filamentous growth (FG).  

Each pathway contains a pathway-specific MAPK, Fus3 for the mating pathway and 

Kss1 for the FG pathway.  However, as there are groups of shared components 

upstream and downstream of these pathway-specific kinases, additional 

mechanisms must exist to maintain signaling fidelity.  Previously, we and other 

groups identified one such mechanism to maintain signaling specificity between the 

mating and FG pathway (3, 10, 13). 

 Specifically, we and others found that upon activation of the mating pathway, 

the mating pathway-specific MAPK, Fus3, directs the destruction of the FG pathway-

specific transcription factor, Tec1.  During pheromone signaling, the FG pathway 

MAPK, Kss1 is activated, but the destruction of Tec1 prevents it from promoting 

transcription of FG pathway targets.  Tec1 is phosphorylated by active Fus3, marking 

it as a substrate for the SCF ubiquitin ligase complex that in turn ubiquitinates Tec1 

and targets it for proteolysis.  Although this previous work provided an important 

insight into a mechanism that maintains signaling fidelity, several details remain 
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unclear.  In particular, the precise residues and proteins involved in phospho-Tec1 

recognition are incompletely defined.  First, the identity of the F-box protein that 

interacts with phospho-Tec1 has not been definitively resolved.  F-box proteins are 

substrate-specific adaptor subunits of the SCF complex that directly bind to the 

phosphorylated moiety of substrates.  There are data that support a role in Tec1 

destruction for two F-box proteins:  Cdc4, a WD-40 repeat containing protein (13) 

and Dia2, a leucine rich repeat-containing protein (3).  Cdc4 was proposed to be the 

F-box protein for Tec1 since the Tec1 MAPK consensus phosphorylation site at 

threonine 273 (T273) is embedded in a sequence that was found in previous in vitro 

peptide binding studies to be an optimal site for Cdc4 binding (a so-called Cdc4 

phosphodegron or CPD) (47).  Cdc4 was shown to be required for Tec1 

ubiquitination in vivo, and recombinant Cdc4 was shown to bind to phosphorylated 

recombinant Tec1 in vitro.  However, the dependence of Cdc4 binding on T273 was 

not reported.  In addition, the degradation defects in Cdc4-deficient strains were 

investigated under conditions of Tec1 over-expression and conditional cdc4 mutants 

used cells arrested in the G1 phase of the cell cycle, raising the possibility of indirect 

effects.  Dia2 is a nonessential F-box protein identified in a screen for repressors of 

invasive growth (54).  Tec1 degradation was blocked in cells lacking Dia2, 

suggesting it plays a role in mediating Tec1 proteolysis.  Cells lacking Dia2 also 

exhibited pheromone-dependent activation of a filamentous growth pathway reporter 

gene (FRE-lacZ) but for unknown reasons also exhibited decreased basal reporter 

gene expression.  However, no biochemical evidence was shown that Dia2 directly 

binds or ubiquitinates Tec1, leaving open the possibility that it may also act indirectly. 
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 Mass spectrometry-based phosphopeptide mapping studies found that active 

Fus3 phosphorylates multiple sites on Tec1 in vitro in addition to T273 even though 

the loss of phosphorylation at T273 was sufficient to block Tec1 degradation in 

response to pheromone (3, 13).  In vivo labeling studies using [γ-32P]ATP to follow 

phosphorylation of Tec1 in the presence of pheromone further suggest that mutation 

of T273 was not sufficient to abolish all phosphorylation on Tec1 (M.Z.B., and 

H.D.M., unpublished data).  Whether phosphorylation on residues other than T273 is 

required for Tec1 destruction has not been investigated.  Recent structural studies of 

the human Cdc4 ortholog, Fbw7, have shown that it contains a second phosphate-

binding pocket that can recognize a second substrate phosphorylation (28).  

Moreover, yeast Cdc4 itself was shown in the same study to bind diphosphorylated 

peptides from its substrate Sic1 in vitro with up to a 4 µM Kd, although the relevance 

of this binding mode to Sic1 destruction in vivo was not reported. 

 We describe here an analysis of the residues in Tec1 required for its 

destruction.  We identify a second phosphorylated residue, T276, as being required 

for Tec1 destruction and signaling specificity in vivo.  Using peptide binding studies, 

we show that Cdc4 directly recognizes this region of Tec1 and requires 

phosphorylation of both T273 and T276 for tight (Kd=80 nM) binding.  We also show 

that residues in Cdc4 orthologous to those in the second phosphate-binding pocket 

defined structurally in Fbw7 are required for efficient pheromone-induced Tec1 

destruction and signaling specificity in vivo.  Finally, we show that T276 can be 

functionally substituted with remarkable efficiency with an aspartate phosphomimic 

even when single cell outputs are measured, suggesting that dual phosphorylation 
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may not be an essential systems-level feature in this context. 
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Results  

Two phosphorylation sites on Tec1 are essential for its destruction in response to 

signaling through the mating pathway 

 Previous mass spectrometry-based phosphopeptide mapping of a recombinant 

MBP-Tec1 fusion protein phosphorylated in vitro with Fus3 immunoprecipitated from 

pheromone-treated cells revealed multiple sites of phosphorylation in addition to 

T273 (Figure 1A, (3, 13).  To test whether phosphorylated residues in the vicinity of 

T273 play a role in Tec1 regulation in vivo we generated non-phosphorylatable 

mutants of each site (S269A, T276A, T289A, T297A) and assayed Tec1 degradation 

in response to activation of the mating pathway.  Each mutant allele of myc-epitope 

tagged Tec1 was expressed from its native promoter on a centromeric plasmid in 

cells lacking the endogenous copy of the TEC1 gene.  Cells were treated with 

synthetic mating pheromone (α-factor), and samples collected over the course of an 

hour.  While mutation of S269, T289, and T297 had no effect on Tec1 degradation, 

the T276A mutation blocked Tec1 degradation and appeared indistinguishable from 

the strain mutated at T273 (Figure 1B). 

 To determine whether mutation of T276 produced the expected loss of 

signaling specificity, we examined the expression of a filamentation pathway-specific 

reporter gene (FRE-lacZ) in cells harboring the allele.  A loss of signaling specificity 

between the mating and FG pathways would result in mating pathway-dependent 

activation of the filamentation reporter, both under basal signaling conditions in 

which the pheromone response pathway is partially active in the absence of 

pheromone, and under conditions of pheromone-mediated stimulation.  Indeed, cells 
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expressing tec1-T276A also demonstrated increased expression of FRE-lacZ, which 

was eliminated by mutational inactivation of the gene coding for the pheromone 

receptor coupled G protein beta subunit, Ste4 (Figure 1C).  FRE-lacZ expression 

increased further upon addition of pheromone to the cells expressing tec1-T276A, 

again yielding an effect that was quantitatively indistinguishable from that produced 

by mutation of T273 (Figure 1D).  In contrast, mutation of residues unimportant for 

Tec1 degradation do not affect the basal (Figure 1C) or pheromone-stimulated 

(Figure 1D) expression of FRE-lacZ.  We also constructed an allele of TEC1 in which 

the threonine residues at both 273 and 276 were mutated.  Cells expressing the 

resulting double mutant, tec1-T273M T276A, behaved similarly to the single mutants 

(Figure 1D).  

 Additionally, to more thoroughly investigate the required sequence elements of 

the Tec1 phosphodegron, we mutated most of the residues flanking T273 and T276, 

from S263 to N285.   Each residue was changed to an alanine, to an arginine for 

residues that were originally lysines, or to a valine for residues that were alanines in 

the wild type protein.  tec1∆ cells expressing these myc-epitope tagged Tec1 

mutants were assayed for 1) Tec1 degradation during induction of the mating 

pathway and 2) cross-talk between the mating and FG pathways.  A summary of 

these data is presented in Table 1.  To our surprise, T273 and T276 were the only 

residues examined that were essential for pheromone-induced destruction of Tec1 

and cross-talk suppression.  tec1-A277V cells displayed partial stabilization of Tec1 

and also produced some level of cross-talk.  Notably, neither of the two leucine 

residues preceding T273 (L271, L272) were required.  These leucines form part of 
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the Cdc4 substrate recognition motif identified by Nash et al. who reported that 

mutation of the leucines abrogates Cdc4 binding.   This suggested that if Cdc4 does 

recognize Tec1 in vivo, it does so via a mechanism that does not require this leucine 

dipeptide. 

 

Role of Cdc4 in Sigma 1278b strain background and in cells expressing Tec1 from 

the native promoter   

 As described in the Introduction, Cdc4 was implicated in Tec1 destruction in 

cells overexpressing Tec1 from the strong pGAL1 promoter (13).  In addition, these 

experiments were performed in the filamentation-defective strain background, W303.  

Therefore, we engineered the cdc4-1 mutation in the filamentation-competent Sigma 

1278b strain background and examined the destruction of Tec1 in strains expressing 

Tec1 from its native promoter on a centromeric plasmid.  We observed that cdc4-1 

cells displayed high basal levels of Tec1 and that Tec1 was not degraded when the 

cells were treated with pheromone at the non-permissive temperature (Figure 2A).  A 

well-characterized substrate of Cdc4 is Sic1, a Cdk inhibitor whose Cdc4 mediated 

degradation is essential for the onset of S phase.  Due to this interaction, cdc4-1 

cells exhibit cell cycle arrest.  To determine whether stabilization of Tec1 was 

indirectly due to this cell cycle arrest, we examined Tec1 degradation in cells 

arrested in late G1 by overexpression of a nondegradable mutant of Sic1.  Under 

these conditions Tec1 was still degraded (Figure S1).  Taken together, these data 

suggest that the defect in Tec1 degradation in cdc4-1 cells reported previously is not 

peculiar to Tec1 overexpression, the W303 strain background, or cell cycle-arrested 
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cells.  We also reexamined the role of Dia2 in Tec1 destruction and found that cells 

lacking Dia2 display a weaker defect in degradation than cdc4-1 cells (Figure 2B).  

 

Two phosphosites on Tec1, T273 and T276, are required for Cdc4 binding 

 Given the strong in vivo phenotype of cdc4-1 mutant cells in Tec1 destruction, 

we tested whether Cdc4 directly recognizes the Tec1 phosphodegron we defined in 

vivo through mutagenesis.  As described in the Introduction, it has been reported 

that Cdc4 can recognize dually phosphorylated peptides from the Sic1 protein with 

micromolar affinity (28).  Given the requirement for two phosphorylated residues in 

Tec1, we hypothesized that these could be involved in an analogous binding reaction 

with Cdc4.  We used fluorescence anisotropy to measure the binding of purified 

recombinant Cdc4, in complex with the SCF component Skp1, to C-terminally 

fluorescein-labeled peptides corresponding to an 11 amino acid region of Tec1 

containing the LLpTP motif (Figure 3A and 3B).  We found that while the wild-type 

peptide phosphorylated on both T273 and T276 bound to Cdc4 with a high affinity 

(75.9 ± 9.3 nM), removal of either phosphorylation significantly affected binding.  

Loss of the phosphorylation at T276 resulted in an approximately 52-fold increase in 

Kd to nearly 4 µM.  Notably, loss of the phosphorylation at T273 decreased binding to 

levels undetectable by the assay, indicating that the two phosphates make different 

contributions to binding affinity.  As expected, peptides lacking both phosphorylations 

displayed no Cdc4 binding.  Consistent with our in vivo data, loss of the leucines 

upstream of T273 showed little effect on Cdc4 binding:  leucine to alanine changes 

of either L271 or L272 produced only modest increases of 2-3 fold in Kd.  The close 
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correspondence between the in vivo and in vitro data provide strong evidence for a 

direct role for Cdc4 in targeting Tec1 for destruction. 

 

A second pocket on Cdc4 mediates binding to the dually phosphorylated Tec1 

degron 

 Next we wanted to identify the residues on Cdc4 required for binding to dually 

phosphorylated Tec1.  From the previously published crystal structure of S. 

cerevisiae Cdc4 bound to a peptide containing the LLpTP motif, it is known that a 

phosphothreonine fits into an electropositive binding pocket in Cdc4 (53).  Consistent 

with subsequent structural work on the human Cdc4 ortholog Fbw7, examination of a 

surface charge representation of Cdc4 revealed a second electropositive patch 

adjacent to the core binding pocket.  This patch corresponds to the region of Fbw7 

reported to recognize a second substrate phosphate.  To determine whether this 

region of Cdc4 might be important for the degradation of Tec1, we examined the 

effect of mutating two residues, K402 and R443, within the electropositive patch.  

These mutants of Cdc4 were previously characterized and found to not be essential 

for Sic1 degradation during cell cycle progression (53).   

  Strains harboring a cdc4-R443D allele or the cdc4-K402A R443D double show 

a defect in pheromone-induced degradation of Tec1 relative to cells harboring wild-

type Cdc4 (Figure 4A).  Mutation of K402 alone did not show a strong stabilization 

phenotype, but combining the K402A mutation with R443D did show a somewhat 

stronger phenotype than R443D alone, indicating that K402A is involved in 

recognition of the Tec1 phosphodegron (Figure 4A). Consistent with the observed 
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effects on Tec1 protein levels, mutation of R443 or both K402 and R443 also 

resulted in hyperactivation of the FRE-lacZ reporter gene during both basal signaling 

and pheromone-induced signaling (Figure 4B).  

 

The second phosphorylation site in the Tec1 degron is not essential for accurate FG 

gene expression 

 Next, we sought to investigate the in vivo role of a dually-phosphorylated 

degron as opposed to a degron phosphorylated on only one site.  We hypothesized 

that the existence of two phosphorylation sites in the Tec1 degron might create a 

threshold that prevents Tec1 from being degraded until there is strong activation of 

Fus3.  If this were the case, then mutation of one of the sites to a phosphomimic 

might allow erroneous degradation of Tec1 in some cells where stochastic 

fluctuations in the levels of activated Fus3 allowed the other phosphorylation site to 

be phosphorylated.  Initial experiments suggested that a phosphomimetic aspartate 

substitution of T276, but not T273 yielded an allele with near-normal Tec1 

degradation kinetics (data not shown).  We used flow cytometry to assay a series of 

Tec1 alleles that included the T276D substitution.  We assayed the output of the 

filamentation pathway using a strain where GFP is under the control of pFLO11, a 

FG pathway-responsive promoter whose expression is responsive to Tec1 levels 

(35).  We examined GFP output in glycerol-ethanol media that produces high-level 

expression of FLO11.  Consistent with previous observations, the pFLO11-GFP 

output is bimodal in wild-type cells with approximately equal number of low-

expressing cells (53.4%) as high-expressing cells (46.6%) in the population (Figure 
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5A).  As expected, tec1-T273M and tec1-T276A mutants, which have defects in 

Tec1 degradation and showed cross-talk in beta-galactosidase assays, yielded 

increased pFLO11-GFP expression, which was evident as a shift in the fraction of 

cells to the high-expression population (78.9% and 61.7% high expressing cells, 

respectively; Figure 5A).  In contrast the tec1-T276D phosphomimic displayed a 

nearly wild-type distribution of pFLO11-GFP expression and, contrary to our 

hypothesis, didnʼt show a population of cells that have erroneously degraded Tec1 

(Figure 5A).  This is clear in the cumulative density function where the probability of 

having cells with low fluorescence is similar for wild-type and tec1-T276D (Figure 

5B).  Thus, the single-cell responses of a version of Tec1 capable of being degraded 

after being phosphorylated on one site appear relatively normal. 

 

Conclusions  

 Here we have presented an analysis of the molecular details of Tec1 

destruction during pheromone signaling.  We have identified an additional residue on 

Tec1, T276, that is phosphorylated by Fus3 and required to signal for Tec1 

proteolysis in response to signaling.  Significantly, cells expressing the tec1-T276A 

allele exhibit cross-talk from the mating pheromone response pathway to the 

filamentous growth pathway.  We further show through direct binding experiments 

that this second phosphorylation site is recognized with phospho-T273 by the Cdc4 

F-box protein.  Moreover, we demonstrate that residues of a basic pocket on the 

surface of Cdc4 are important for Tec1 destruction and signaling specificity.  

Together, these data provide compelling evidence for the in vivo recognition of a 
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SCF substrate via recognition of a two-phosphate degron by Cdc4.  These data 

support the view put forth by Hao et al. which propose that the Cdc4 family of 

proteins generally recognizes substrates through the recognition of two phosphates.  

Finally, we show that the second phosphorylation site can be replaced with an 

aspartate residue without significantly affecting the systems-level output of the FG 

signaling pathway.  Why then did the system evolve to have two sites of Fus3 

phosphorylation?  We suggest that this constraint occurred because Cdc4 has other 

substrates where the two-phosphate mechanism is critical for accurate signal-

induced protein degradation.  Such a constraint may have effectively forced other 

substrates, such as Tec1, to confirm to the dual-phosphate solution to maximize 

degradation efficiency.  An alternative possibility, difficult to exclude, is that there 

exists specific conditions under which the dual phosphorylation mechanism is 

adaptive for Tec1 destruction.   
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Materials and Methods 

Yeast strains, plasmids, and epitope tags    

Strains used in this paper are of the Sigma 1278b background and are listed in 

Supplementary Table 1.  Plasmids used in this study are listed in Table S2.  Cdc4 

strains harboring mutant Cdc4 alleles in a cdc4∆ background were generated 

through sporulation and tetrad dissection of cdc4∆/CDC4 diploid cells transformed 

with the plasmid.   

 

ß-galactosidase assay  

Liquid ß-galactosidase assays were performed as previously described (Bao et al. 

2004).  Error bars represent standard deviation from three replicates.   

 

Pheromone time-course experiments  

Evaluation of Tec1 protein level in the presence of pheromone in Sigma 1278b 

strains was performed as previously described (Bao et al. 2004) with the exception 

of the immunoblot visualization technique.  Indicated immunoblots were visualized by 

LiCor Biosciences Odyssey Infrared Imaging System according to the instructions 

provided by the Odyssey Infrared Imaging System.  Antibodies to the myc-epitope 

tag and tubulin were incubated simultaneously with the immunoblot.  IRDye infrared 

secondary antibodies to the myc-tagged proteins (IRDye 680 Goat Anti-Mouse, LiCor 

926-32220) and tubulin  (IRDye 800 Goat Anti-Rat) were used.  Immunoblots were 

scanned at both 700nm and 800nm.  Background-corrected myc signal of each 

sample is normalized to the background-corrected tubulin signal.  
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Cdc4-Skp1 Protein Purification  

Cdc4-Skp1 was isolated from BL21-Codon Plus (DE)-RIPL cells (Strategene 

#230280).  Cells transformed with pMT3169 (BHM 1193) were induced at mid-log 

with 0.2M IPTG for 10-12 hours at 18°C prior to harvest.  Per one liter of cells, lysis 

was performed in 50mL Buffer A (50mM Tris pH7.6, 500mM NaCl, 10% glycerol, 

0.1% NP40, 5mM ß-mercaptoethanol) containing 1 tablet of protease inhibitor 

cocktail (Complete TM EDTA-free protease inhibitor, Roche Applied Science 

#11873580001) using 0.2g lysozyme.  After incubation at 4°C for 35 minutes, cell 

lysate was brought to 0.1mM CaCl2 and 6mM MgCl2 and treated with DNAseI for an 

additional 35 minutes.  Lysate was then clarified at 15,000 RPM for 15 minutes.  

Buffer A washed Ni-NTA agarose was added to the supernatant for binding in batch 

at 4°C for 1 hour.  Agarose-lysate slurry was then applied to a fritted column.  The 

column was washed three times with one column volume of Buffer A prior to elution 

by the application of 1 column volume of Buffer B (50mM Tris pH 7.6, 500mM NaCl, 

10% Glycerol, 0.1% NP40, 250mM Imidazole, 5mM ß-mercaptoethanol).  To the 

eluate, an equal volume Buffer B without NaCl and imidazole was added.  The eluate 

was brought to 1mM EDTA and 1mM DTT before the addition of washed GST 

agarose.  Binding was performed in batch at 4°C for 1 hr.  Slurry was then applied to 

fritted column and washed twice with one column volume of PBS EDTA DTT buffer 

prior to elution with one column volume of Buffer C (150mM NaCl, 50mM Tris HCl pH 

8.0, 20mM Glutathione, 1mM DTT).  Elution is then concentrated on an YM-30 

Centriprep Centrifugal Filter Unit (Millipore #4307) to 3mL.  This volume is then 
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applied to a Slide-A-Lyzer dialysis cassette (Pierce Biotechnology) for dialysis 

overnight at 4°C in 600mL Storage Buffer (50mM Tris HCl pH 8.0, 100mM NaCl, 

25% Glycerol, 0.1% NP40, 5mM ß-mercaptoethanol).  Buffer was changed after 12 

hrs and cassette dialyzed for a further 4 hrs prior to removal of liquid for protein 

quantification by the Bradford assay and storage at –20°C.  

 

Fluorescence Anisotropy  

Peptides used in the study were labeled at the C-terminus with 5-Iodoacetamido 

fluorescein (Sigma I9271-25MG), purified by HPLC, and confirmed by MALDI mass 

spectrometry.  Binding studies were performed in 384-well Corning opaque plate in 

triplicate.  Each reaction was 40uL total volume with varying protein concentrations 

(0.078uM to 5uM) and 5nM labeled peptide in polarization buffer (50mM Tris, 

100mM NaCl, 5mM ß-mercaptoethanol, 5% glycerol, 0.1mg/mL BSA).  Polarization 

data was collected by an Analyst HT microplate reader (FPS mode; 5 reads/well, 

10ms between readings; z-height 5.775 (middle); emission 485 nm, excitation 

530nm).  Kd for each peptide was calculated using KaleidoGraph software for best-fit 

curve to the polarization data by the following formula:   

 

y = m1 + m2*(([peptide]+M0+m3)– 

sqrt(([peptide]+M0+m3)*([peptide]+M0+m3)-(4*[peptide]*M0))). 

M0 = x, m1 = scaling factor (y-intercept) = 0.1, 

m2 = scaling factor = 0.02, m3 = Kd 
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Flow Cytometry 

Saturated overnight cultures were diluted to an O.D.600 of 0.15 and grown for 7 hr in 

YPAGE (YEP, 2% glycerol, 2% ethanol).  Cells were collected, washed once in TE, 

and sonicated for 5 s.  A Becton Dickinson LSR-II flow cytometer was used to 

measure fluorescence.  GFP was excited at 488 nm and fluorescence was collected 

through a 505-nm long-pass filter and HQ530/30 band-pass filter (Chroma 

Technology).  Raw cytometry data was filtered to eliminate errors due to uneven 

sampling time and negative fluorescence readings.  Bulk calculations were done on 

this processed data.  Data were binned by forward and side scatter (FSC and SSC, 

respectively) measurements to control for cell size and shape as described by 

Newman et al. (48).  Nineteen circular bins centered around the medians of the FSC 

and SSC distributions with radii of 6000, 9000, 1*104, 2*104, 3*104,…,17*104 

arbitrary units (AU) were used.  For each strain, an average probability density 

function for the three replicates was calculated from data in bin 5 (radius of 3*104 

AU). 
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Figure 1.  Two phosphorylation sites on Tec1 are required both for mediating 

Tec1 degradation in response to pheromone and for maintaining signaling 

specificity.  

A.  Schematic of the region on Tec1 containing the residues identified as 
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phosphorylated by mass spectrometry.  Phosphorylated residues are indicated in 

red.  The residues of Tec1 in the mutagenesis studies are underlined in green.  The 

sequence of the previously identified Cdc4 phosphodegron (CPD) and its location is 

indicated.  

B.  Time course experiments of Tec1 phospho-site alleles.  Immunoblot of extracts 

from tec1∆ cells expressing the indicated myc-epitope tagged allele from a CEN 

plasmid.  Cells were treated for the indicated amount of time with 5µM pheromone 

before harvest.  Immunoblot was probed with anti-myc and anti-tubulin (loading 

control) antibodies and was visualized by the LiCor Odyssey Infrared Imaging 

System.  

C.  FRE(TEC1)::lacZ expression in tec1∆ and tec1∆ste4∆ cells transformed with the 

indicated plasmids.  

D.  FRE(TEC1)::lacZ expression in tec1∆ cells transformed with the indicated 

plasmids.  Exponentially growing cultures were split and 5µM pheromone was added 

to one.  Both were then grown at 30° for 2 additional hours prior to harvesting of 

cells. 
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Figure 2. Direct comparison of Dia2 and Cdc4 indicate that Cdc4 is the F-box 

that recognizes phosphorylated Tec1. 

A.  Shown is an immunoblot of a pheromone time course with wild-type and dia2∆ 

strains. 

B.  Shown is an immunoblot of a pheromone time course performed at 37°C with 

wild-type and cdc4-1 cells transformed with myc-Tec1 expressed from its native 

promoter on a CEN plasmid.  Cells were shifted to the non-permissive temperature 

for 1 hour prior to treatment with pheromone. 
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Figure 3.  The phosphorylations at T273 and T276 make large contributions to 

the binding affinity to Cdc4.  

A.  KaleidoGraph best-fit curves of peptide binding data to Cdc4-Skp1.  All data for 

each peptide are plotted.  

B.  Summary of peptide binding affinity to Cdc4-Skp1. 
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Figure 4.  Residues outside of the Cdc4 canonical substrate binding pocket 

are required for Tec1 degradation and inhibition of cross-talk.   

A.  Shown is an immunoblot of a pheromone time course with a cdc4∆ strain 

transformed with the indicated plasmids. 

B.  FRE(TEC1)::lacZ expression of a cdc4∆ strain transformed with the indicated 

plasmids. 
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Figure 5.  The second phospho-site does not prevent inappropriate 

degradation of Tec1. 

A.  Shown is a probability density function of flow cytometry data for the indicated 

strains.  The shaded regions represent the standard deviation.  tec1-T276D does not 

have a greater probability of having cells with low fluorescence. 

B.  Shown is a cumulative density function for the flow cytometry data shown in A.  

The shaded regions represent the standard deviation.  
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Figure S1. Cell-cycle arrest does not disrupt Tec1 degradation. 

A.  Shown is an immunoblot of a pheromone time course with wild-type and pGAL-

Sic1∆NT strains. 

B.  Shown is light-contrast microscopy of wild-type or pGAL-Sic1∆NT cells.  As 

expected, cells expressing pGAL-Sic1∆NT arrest in the presence of galactose. 
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Table 1.  Tec1 alleles 

Tec1 allele 

Protein stability 
in pheromone 
time course 

β-galactosidase 
activity (FRE-

lacZ)  
wild-type - 1 
S263A - 1.19 ± 0.25 
G264A - 0.96 ± 0.2 
L265A - 0.84 ± 0.02 
S266A - 1.01 ± 0.14 
V267A - 0.97 ± 0.03 
H268A - 1.02 ± 0.09 
S269A - 1.18 ± 0.40 
K270R - 0.97 ± 0.26 
L271A -/+ 1.01 ± 0.12 
L272A -/+ 1.10 ± 0.04 
T273M ++ 3.27 ± 0.24 
P274S ++ 2.76 ± 0.41 
T276A ++ 3.55 ± 0.52 
A277V + 1.74 ± 0.16 
S278A + 1.25 ± 0.11 
N279A - 0.82 ± 0.18 
E280A + 1.31 ± 0.17 
K281R - 0.95 ± 0.12 
I283A + 1.05 ± 0.13 
E284A - 0.85 ± 0.08 
N285A - 0.94 ± 0.05 
T289A - 1.27 ± 0.10 
T297A - 1.27 ± 0.28 
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Appendix A:  Screen of the S. cerevisiae gene deletion 

collection for mutants that display a signaling specificity defect 

between the mating and filamentous growth pathways 

 

 As discussed in Chapter 1, S. cerevisiae contains three MAPK pathways that 

share multiple components – the mating, filamentous growth (FG), and high 

osmolarity glycerol (HOG) pathways.  This means that separate signaling specificity 

mechanisms might exist to prevent cross-talk from both of the other two pathways, 

for example from both the mating and the HOG pathway into the FG pathway. 

 In Chapter 2 a screen of the gene deletion collection for mutants with increased 

expression of the filamentous growth (FG) reporter, FRE-lacZ, is described.  In this 

work the initial screen was followed by a secondary screen to identify mutants where 

the increased expression of FRE-lacZ is due to cross-talk from the HOG pathway.  

However, this screen was originally performed with two secondary screens to identify 

mutants where the increased expression of FRE-lacZ is due to cross-talk from the 

mating pathway.  

 One way to assess whether the increase in expression of a FG pathway 

reporter is due to cross-talk from the mating pathway is to interrupt mating pathway 

signaling by deleting the gene for the Gβ subunit, Ste4.  If the increased FRE-lacZ 

expression is due to cross-talk from the mating pathway, signaling should be 

reduced to wild-type levels when combined with ste4∆.  The first secondary screen 

used the synthetic genetic array system (SGA) to create a set of double mutant 
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strains where the each of the knockout strains found to have increased FG pathway 

activation was combined with ste4∆.  To accomplish this we analyzed the data from 

retests of the 365 highest FRE-lacZ expressing strains (described in Chapter 2) and 

chose the 185 highest expressing strains from this dataset.  These strains were 

crossed to a ste4∆ strain using the SGA system, then the doubles were assayed for 

FRE-lacZ expression.  However, the ste4∆ double knockout strains consistently 

showed decreased expression of the reporter construct, which appeared to be due to 

a difference in the strain background between the deletion collection and the “magic 

marker” strain used to cross in the ste4∆.  

 In order to circumvent these complications, we chose 32 mutants that were the 

most Ste4 dependent from the first secondary screen and disrupted STE4 using 

traditional PCR product directed homologous recombination.  However, none of the 

mutants displayed a Ste4 dependent decrease in FRE-lacZ expression compare to 

wild-type (Figure 1).  In chapter 2, several of the strains tested here (vps54∆, med1∆, 

med9∆, chd1∆, and gph1∆) were remade in the ∑1278 background.  Beta-

galactosidase assays on the remade knock-outs confirmed that med1∆ and med9∆ 

play a role in negatively regulating the FG pathway; however the remade vps54∆, 

chd1∆, and gph1∆ strains showed no increase in FRE-lacZ expression, indicating 

that the original strains from the gene deletion collection may be incorrect or have 

secondary mutations. 
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Figure 1.  Screen of the yeast gene knock-out collection for signaling 

specificity factors required for maintaining specificity between the mating and 

filamentous growth pathways.   

FRE-lacZ expression for the indicated strains and their ste4∆ doubles.  fus3∆ is a 

positive control. 
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Appendix B:  Strains and plasmids used in these studies 

 

The majority of the strains used in these studies are in the ∑1278 background and 

are made from F1950 whose full genotype is MATa trp1 leu2 ura3 his3.  The only 

exceptions are the strains used in Chapter 2 and Appendix A that were either from or 

derived from the Open Biosystems Yeast Knock-Out Collection.  The Knock-Out 

Collection strains are in the S288C background and are based on the strain BY4741 

whose full genotype is MATa his3∆ leu2∆ ura3∆ met15∆. 

 

Table 1.  Saccharomyces strains used in these studies 

Strain Name Relevant Genotype 
Chapter 1 

F1950  
YM2144 hog1::natRMX4  
YM2145 pbs2::natRMX4  
YM2174 sho1::natRMX4 
YM1144 ste11::kanRMX6 
YM1934 tec1::kanRMX6 
YM1993 tec1::kanRMX6 hog1::natRMX4 
YM2173 tec1::kanRMX6 hog1::natRMX4 sho1::HISMX6 
YM2188 hog1::kanRMX6 sho1::natRMX4  
YM1598 dig1::kanRMX6 
YM2411 dig2::kanRMX6 
YM2614 tec1::kanRMX6::CBP-3FLAG-TEC1::TRP1 
YM2615 tec1::kanRMX6::CBP-3FLAG-TEC1::TRP1 hog1::natRMX4 
YM2932 pgu1::EGFP::CgLeu2 pTEC1-lacZ::URA3 
YM2933 pgu1::EGFP::CgLeu2 pTEC1-lacZ::URA3 hog1::natRMX4 
YM3483 pgu1::EGFP::CgLeu2 pTEC1-lacZ::URA3 pbs2::kanRMX6 
YM2347 rck1::HISMX6 
YM2348 rck2::HISMX6 
YM2352 rck1::HISMX6 rck2::natRMX4 
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YM1958 ste50::natRMX4 
YM3526 ste50::kanRMX6 hog1::natRMX4 
YM3527 pgu1::EGFP::CgLeu2 pTEC1-lacZ::URA3 ste50::kanRMX6 

YM3528 
pgu1::EGFP::CgLeu2 pTEC1-lacZ::URA3 ste50::kanRMX6 
hog1::natRMX4 

Chapter 2 
F1950  

YM1934 tec1::kanRMX6 
YM1935 tec1::kanRMX6 ste4::natRMX4 
YM1937 tec1::kanRMX6 dia2::natRMX4 
YM3234 tec1::kanRMX6 cdc4-1 
YM3246 tec1::kanRMX6 cdc4::natRMX4 + pRS314-CDC4 
YM3258 tec1::kanRMX6 cdc4::natRMX4 + pRS314-cdc4-K402A 
YM3270 tec1::kanRMX6 cdc4::natRMX4 + pRS314-cdc4-R443D 
YM3282 tec1::kanRMX6 cdc4::natRMX4 + pRS314-cdc4-K402A R443D 
YM3322 flo11::EGFP::CgLeu2 myc6-TEC1::natRMX4 
YM3323 flo11::EGFP::CgLeu2 myc6-tec1-T273M::natRMX4 
YM3326 flo11::EGFP::CgLeu2 myc6-tec1-T276A::natRMX4 
YM3327 flo11::EGFP::CgLeu2 myc6-tec1-T276D::natRMX4 

 

Table 2.  Plasmids used in these studies 

Plasmid Genotype 
Chapter 1 

BHM275 pFRE(TEC1)::lacZ 2µ URA3 
pRS316 CEN URA3 
pJB15 pRS316 + HOG1 
pJBM3 pRS316 + hog1-K52R 
pJBM4 pRS316 + hog1-T174A 
pJBM2 pRS316 + hog1-Y176F 

YCplac33 CEN URA3 
pME2295 YCplac33 + myc6-TEC1 
pRS415 CEN LEU2 

BHM1223 pRS415 + DIG1 
BHM1318 pRS415 + dig1-S45A 
BHM1319 pRS415 + dig1-S204A 
BHM1320 pRS415 + dig1-T224A 
BHM1321 pRS415 + dig1-S272A 
BHM1322 pRS415 + dig1-T379A 
BHM1323 pRS415 + dig1-S395A 
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BHM1324 pRS415 + dig1-S45A S204A T224A S272A T379A S395A 
pRS414 CEN TRP1 

BHM1325 pRS414 + DIG2 
BHM1326 pRS414 + dig2-S34A 
BHM1327 pRS414 + dig2-S84A 
BHM1328 pRS414 + dig2-T185A 
BHM1329 pRS414 + dig2-S197A 
BHM1330 pRS414 + dig2-S225A 
BHM1331 pRS414 + dig2-S34A S84A T185A S197A S225A 
BHM1312 YCplac33 + myc6-tec1-S86A 
BHM1313 YCplac33 + myc6-tec1-T252A 
BHM1055 YCplac33 + myc6-tec1-T273M 
BHM1314 YCplac33 + myc6-tec1-T297A 
BHM1315 YCplac33 + myc6-tec1-S325A 
BHM1316 YCplac33 + myc6-tec1-S462A S469A T476A 

BHM1317 
YCplac33 + myc6-tec1-S86A T252A T297A S325A 
S462A S469A T476A 

BHM746 pFRE(TEC1)::lacZ 2µ LEU2 
BHM1344 YCplac33 + CBP-3FLAG-TEC1 
BHM1528 pRS314 + STE50 
BHM1529 pRS314 + ste50-S155A S196A S202A S248A T341A 

Chapter 2 
YCplac33 CEN URA3 
BHM1085 YCplac111-3FLAG-TEC1 
BHM746 pFRE(TEC1)::lacZ 2µ LEU2 
BHM969 YCplac33-myc6-TEC1 

BHM1055 YCplac33-myc6-tec1-T273M 
BHM1056 YCplac33-myc6-tec1-P274S 
BHM1481 YCplac33-myc6-tec1-S269A 
BHM1478 YCplac33-myc6-tec1-T276A 
BHM1480 YCplac33-myc6-tec1-T289A 
BHM1479 YCplac33-myc6-tec1-T297A 
BHM 1477 YCplac33-myc6-tec1-T273M T276A 
BHM1456 YCplac33-myc6-tec1-S263A 
BHM1457 YCplac33-myc6-tec1-G264A 
BHM1458 YCplac33-myc6-tec1-L265A 
BHM1459 YCplac33-myc6-tec1-S266A 
BHM1460 YCplac33-myc6-tec1-V267A 
BHM1461 YCplac33-myc6-tec1-H268A 
BHM1462 YCplac33-myc6-tec1-K270R 
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BHM1463 YCplac33-myc6-tec1-L271A 
BHM1464 YCplac33-myc6-tec1-L272A 
BHM1465 YCplac33-myc6-tec1-A277G 
BHM1466 YCplac33-myc6-tec1-A277V 
BHM1467 YCplac33-myc6-tec1-S278A 
BHM1468 YCplac33-myc6-tec1-N279A 
BHM1469 YCplac33-myc6-tec1-E280A 
BHM1470 YCplac33-myc6-tec1-K281R 
BHM1472 YCplac33-myc6-tec1-I283A 
BHM1473 YCplac33-myc6-tec1-E284A 
BHM1474 YCplac33-myc6-tec1-N285A 
BHM1483 pRS304-pGAL-Sic1-aa215-284 
BHM1191 pRS314/CEN/TRP CDC4 (pMT3217) 
BHM1187 pRS314/CEN/TRP cdc4-K402A (pMT3016) 
BHM1188 pRS314/CEN/TRP cdc4-R443D (pMT3017) 
BHM1189 pRS314/CEN/TRP cdc4-K402A-R443D (pMT3022) 
BHM1193 pProEx Hta-CDC4 LP6DelA GST-Skp1 (pMT3169) 
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