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The Role of Protein-Protein Interactions in Shaping MAP Kinase Kinase 

Identity 

 

Angela P. Won 

 

Abstract 

Eukaryotic cells process information through discrete signaling pathways that 

must maintain high signal fidelity to ensure proper response to environmental 

stimuli.  Often, the signaling proteins in these pathways use shared interaction 

elements, both catalytic domains and protein-protein interactions.  These 

elements help define network connectivity and guide information flow.   Within the 

yeast Saccharomyces cerevisae, four distinct mitogen activated protein kinase 

kinases (MAPKKs) share closely related catalytic domains yet act in separate 

critical pathways.  How have these four related kinases diverged to take on four 

distinct functional roles?   

Within this thesis, I explore the relative contributions of modular interaction 

domains and motifs versus catalytic specificity in defining a kinases’ identity.  We 

probe kinase identity by asking whether we can use recruitment interactions to 

force other MAPKK catalytic domains to play the functional role of the mating 

MAPKK, Ste7.  We find that two alternative MAPKKs, the osmoresponse MAPKK 

Pbs2 and the hypotonic response MAPKK Mkk2, can be forced to functionally 
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replace the mating MAPKK Ste7, but only if the proper ensemble of recruitment 

interactions are overlaid on their catalytic domains.  Further, we find that these 

alternative kinases do not exhibit cross-pathway activity and are restricted 

towards one identity.  These results indicate recruitment interactions can play a 

dominant role in defining functional identity within a family, and is consistent with 

a model in which new kinase functions can arise through recombination of 

existing catalytic domains with new interaction modules.  However, these 

recruitment interactions cannot be used in a “plug and play” method to alter any 

kinase’s specificity.  We find that addition of Ste7 recruitment interactions does 

not convert the identity of the hypotonic shock MAPKK, Mkk1.  Further, subtle 

differences are observed in the temporal activity and level of flux of the converted 

alternative kinases.  Altogether, these results indicate that although recruitment 

interactions can be utilized as a powerful tool to alter functional identity, evolution 

may have always insured pathway fidelity in some instances through the intrinsic 

contributions of kinase catalytic domains. 
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All cells must sense and respond to vast quantities of environmental 

information with great accuracy and fidelity.  The complex array of remarkable 

behaviors and responses performed by cells relies on networks of signaling 

proteins to translate the external stimuli.  Often, these responses mandate the 

overall health and fitness of cells; responses can include critical functions 

controlling cellular survival or death, metabolism, homeostasis, and immune 

regulation.   

   

Kinases: a cellular signaling mechanism 

The function of kinases 

A ubiquitous mechanism cells use to regulate virtually every behavior is 

the use of phosphate moieties as a switch to turn proteins on or off in a reversible 

manner [1].   Protein kinases are the family of eukaryotic enzymes responsible 

for turning proteins “on” by phosphorylation of certain residues.  Kinases are 

defined by catalytic domains of 250-300 amino acid residues that are 

evolutionarily conserved [2].  Proteins can also be deactivated though the use of 

phosphatases to turn the protein “off” through removal of the phosphate moiety.  

Kinase action must be tightly regulated to prevent spurious misactivation, or 

switching “on” at the wrong time.  This protein activation can be characterized by 

conformational changes that change protein behavior or spatial relocalization of 

the component to a signaling complex [3].  
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Protein kinases compose a small percentage (~2%) of eukaryotic 

genomes [4] but are one of the largest protein families.  The human genome 

encodes for approximately ~500 protein kinases [5].  The yeast genome encodes 

for approximately ~130 protein kinases [6].  Despite their limited number, kinases 

are responsible for interacting with a diverse set of cellular components and have 

evolved to have very individual specificities [7].  During evolution, kinase 

networks have grown through changes in their topology or interaction partners 

[8].  These kinases are grouped into distinct subfamilies that have been 

conserved across species from yeast to human throughout evolution [4].  

Subfamily specificities are thought to have arisen from kinase family expansion 

through duplication, followed by subsequent mutation of catalytic specificity, both 

input and/or output, and change of recruitment interactions.  Methods to classify 

each subfamily include analysis of sequence similarity between catalytic 

domains, the presence of other modular domains, and similarity in modes of 

regulation [2, 5].   

 

Kinase Classification 

Protein kinases fall into three classes and ten families.  The three classes 

are: serine(Ser)/threonine(Thr)-protein kinases, tyrosine(Tyr)-protein kinases, 

and dual specific protein kinases that can phosphorylates both Thr and Tyr 

residues on target proteins. Eukaryotic cells have thousands of proteins that 

contain Ser, Thr, or Tyr residues that are potential phosphorylation sites for these 
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various kinases. The eight prototypical kinase families are: the AGC family (cyclic 

AMP-dependent, cyclic GMP-dependent, protein kinase C), the atypical kinases, 

the CAMK family (calmodulin-regulated kinases), the CK1 family (casein kinase 

1, and close relatives), the CMGC family (cyclin-dependent kinases, mitogen-

activated protein kinases, glycogen synthase kinase, CDK-like kinases), the 

other kinases, the RGC family (receptor guanylate cyclase kinases), the STE 

family (sterile kinases, including many MAP kinase cascade proteins), the TK 

family (tyrosine kinases), and the TKL family (tyrosine kinase like, serine-

threonine kinases that resemble tyrosine kinases) [4].  Yeast kinases fall into just 

seven of the families; they do not have TK, TKL, or RGC kinases (Table 1.1).  Of 

the ~130 yeast kinases, twenty-three are not shared with higher organisms.  

These fall into seven yeast-specific subfamilies that are responsible for 

unicellular functions such as osmotic and stress responses, cell wall signaling, 

and small molecule transport [4, 9] (Table 1.2).      

As noted above, each subfamily is responsible for a different class of 

function that helps regulate the diverse processes cells must carry out.  However, 

within each subfamily are multiple family members that share high degrees of 

sequence similarity yet are specialized to have different input and output controls.  

Here, we refer to input as the determination of how a kinase is activated: which 

enzyme/protein turns it on, where in the cell is it localized to when it is activated, 

and any specific timing event associated with activation.  We refer to output 

control as determination of any downstream activity of a kinase: what protein 
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does it act on once activated and does it interact in a non-catalytic fashion with 

additional partners.  These differences in input and output control determine its 

connectivity and are the hallmarks of a kinases’ identity. 

 

Illuminating kinase interactions has therapeutic applications as well as scientific 

value 

How kinases achieve specificity for their target substrates remains a 

poorly understood albeit important question in biology.  In terms of scientific 

discovery, the determination of general rules for substrate recognition can lead to 

greater understanding of kinase pathway organization and regulatory networks, 

novel substrate identification, and topological mapping of networks [10, 11].  

Additionally, the use of shared components in many kinase signaling pathways 

raises the question of how cells respond specifically to stimuli without cross-

activation to other pathways.  This question has led to multiple studies in an 

ongoing effort to decipher the mechanisms used to maintain strict signal fidelity 

including cross-pathway inhibition [12], scaffolding [13-15] or other subcellular 

localization, docking interactions [16-18], and signal kinetics [19].  

Kinases have also become increasingly important therapeutic targets; the 

success of imatinib/Gleevec®, a BCR-Abl tyrosine kinase inhibitor for the 

treatment of chronic myeloid leukemia, has led to enormous pharmaceutical 

interest in developing protein kinase inhibitors for a plethora of indications [20-

22].  Indeed, there are currently over ten approved kinase inhibitors (Abl 
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inhibitors Gleevec®, Sprycel®, Tasigna®; EGF Family inhibitors Iressa®, Tarceva®, 

and Tykerb®; Multi-Kinase inhibitors Masivet®, Nexavar®, Palladia®, and Sutent®; 

mTor inhibitors Affinitor®/Certican®, Endeavor®Rapamune®, and Torisel®; Rho 

inhibitor Eril®) and over a hundred more in clinical studies.  Moreover, as the 

contribution of docking interactions to kinase-substrate interactions has become 

increasingly clearer, many groups have begun exploring the therapeutic potential 

of docking interactions [23-26].   Thus, further understanding the general 

principles that govern how substrates and regulators are selected and recognized 

by protein kinases is of great pharmaceutical value.  

 

Understanding kinases  

 For the past several decades, scores of scientists have worked to 

elaborate the evolution of kinases through identifying the kinomes of various 

organisms [2, 5, 6, 27-30].   Others have sought to understand kinases through 

the elucidation of structural [31-33] and biochemical information [34-36].   

Kinases, as constituents of important signaling networks, are characteristic of the 

requirement for both flexibility of change and conservation of interaction.  Studies 

of why some components are conserved across species but other are subject to 

evolutionary changes [37-39] have indicated that proteins involved in highly 

organized interaction patterns tend to have slower evolutionary rates [40].   

However, more recent work has illuminated that even mostly invariant kinases 
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such as MAPKs can act as pivotal nodes that are more prone to gaining new 

connections or interactions because of their modular architecture [41].  

A major component of kinase identity is the substrate sequence 

recognized by the protein kinase’s active site (Fig 1.1). This is due to the need 

for exact precise orientation requirements between a kinase’s active site and its 

substrate residues.  Protein kinases have clear preferences for minimal peptide 

sequences that surround the phosphorylated residue [42].  Indeed, this 

consensus amino acid sequence is an important aspect of substrate recognition, 

as the sequence must be complementary to residues in the kinase active site.  

While idealized substrate peptide motifs can be identified using library studies 

[43-45], sometimes the motifs found within the endogenous substrates do not 

match the library finding or are simply not found in the organism’s genome [46, 

47].  As such, unlike classic regulatory enzymes, the catalytic specificity of a 

kinase cannot be its sole identity determinant.  Increased understanding of 

signaling proteins suggest that mechanisms such as docking sites/docking 

motifs, scaffolding, and modular interaction domains are used to create new input 

and output connections.    

In this thesis I probe the contribution of modular protein-protein interaction 

elements to the determination of kinase identity.  As this topic is an active area of 

research for many scientists, I restrict my focus to the kinases within the mitogen 

activated protein (MAP) kinase (MAPK) pathway.  The MAPK pathways in the 

yeast Saccharomyces cereviae share multiple components and thus, are an 
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excellent model system for studying how kinases determine their intrinsic 

identity/specificity.  MAPK pathways are three component modules that are 

evolutionarily conserved from yeast to humans.  These modules consist of 

kinases that sequentially phosphorylate and activate one another (MAPKKK  

MAPKK  MAPK) in response to stimulus.  S. cerevisiae contains five MAPK 

pathways (Fig. 1.2) [48]: the mating pathway, the filamentous growth pathway, 

the high osmolarity glycerol pathway, the hypotonic shock pathway, and the 

spore wall assembly pathway.  The first four of these pathways contain the core 

three-tiered kinase activation module.  The MAPK Smk1 has been elucidated as 

a component of the spore wall assembly pathway, but neither a MAPKKK nor a 

MAPKK has been elucidated.  As MAPKK interactions compose the core of my 

thesis, I omit the spore wall assembly pathway from my discussion of MAP 

kinase pathways.    

 

Yeast MAPK pathways: a discussion in brief 

Mating pathway 
 

The yeast S. cerevisiae can exist in either a haploid or diploid state.  The 

two mating types, a cells and α cells, fuse to produce a diploid in response to a 

peptide pheromone produced by cells of the opposite mating type.  Activation of 

the mating pathway leads to many actions including cell cycle arrest, 

transcriptional changes, cytoskeletal rearrangement to produce mating 

projections, and the promotion of cellular and nuclear fusion [49-51].   
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The mating MAPK cascade consists of the MAPKKK Ste11, the MAPKK 

Ste7, and the MAPK, Fus3.  Of these, Fus3 is the only kinase that does not 

participate in other pathways.  Ste11 is the upstream MAPKKK in the filamentous 

growth pathway and is also one of three MAPKKKs that can activate the 

osmolarity MAPKK Pbs2.  Intrinsic to the mating pathway is the scaffold protein 

Ste5.  In addition to binding the core kinases of the MAPK cascade, Ste5 also 

plays an active role in signaling through recruitment to the plasma membrane 

after pheromone induction, binding other members of the mating pathway (Ste4, 

Ste18, and Ste20), conformation rearrangement to better position kinases for 

activation, and aiding regulation of the Fus3 enzyme [52].     

 

Filamentous growth pathway 

Filamentous growth, or haploid invasive growth, occurs when 

environmental nutrients become limiting.  Cells undergo morphological changes 

and now bud at the opposite end from their birth end.  The formation of filaments 

allows the yeast to explore environments previously inaccessible to them for 

better conditions.  Filamentous growth is also an important mechanism for 

virulence in pathogenic yeasts.  Here, the MAPK cascade is composed of the 

MAPKKK Ste11, the MAPKK Ste7, and the MAPK Kss1.  Unlike the mating 

pathway, the filamentous growth pathway does not utilize a scaffold protein.   

 

High osmolarity glycerol (HOG) pathway 
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Exposure to osmolytes causes water loss and cell shrinkage.  As yeast 

are immotile and cannot easily escape their environment, they respond to 

osmotic stress through activation of the HOG pathway.  Together, the concerted 

efforts of ion channel regulation to modify water efflux, glycerol production, and 

adjustments to cell cycle progression help cells regain homeostasis [53-56].  The 

Hog1 pathway has two main branches of input, the Sln1 and the Sho1 pathway.  

Osmotic stress sensed through the Sln1 branch leads to the subsequent 

activation of the redundant MAPKKKs Ssk2 and Ssk22.  These go on to 

phosphorylate and activate the HOG pathway MAPKK Pbs2 and the MAPK 

Hog1.  Conversely, activation through the Sho1 branch leads the phosphorylation 

and activation of the MAPKKK Ste11, which goes on to activate Pbs2  Hog1, 

the same downstream components as in the Sln1 branch.   

 
Hypotonic shock pathway 
 

The hypotonic shock, or cell wall integrity pathway, mediates cell wall 

synthesis as part of the effort to promote cell growth and proliferation.  This 

pathway can be regulated by a multitude of signals including temperature, 

nutrients, osmolarity, pheromone, and also cell-cycle signals.  There are multiple 

branches that can feed into or off of this pathway and many components are still 

unknown.  The core MAPK module is composed of the MAPKKK Bck1, the 

redundant MAPKKs MKK1 and Mkk2, and the MAPK Slt2.  Although there are no 

shared components between the hypotonic shock pathway and the mating 

pathway, there is evidence for cross-activity.  Increased phosphorylation and 
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activity of Slt2 after pheromone induction has been reported [57-59].  Pheromone 

activation of Slt2 requires the presence of the MAPKKs Mkk1/Mkk2 and Pkc1, 

the kinase responsible for phosphorylating MAPKKK Bck1 [59].  Indeed, the 

observation that the activation of Pkc1 blocks cell fusion indicates that inhibition 

of the cell wall integrity pathway may be necessary for the cell fusion required 

during mating [60].  

 

Identity determinants used by MAPK proteins 

 

Classic regulatory enzymes, such as those found in metabolic pathways, 

have identities that are determined by their catalytic activities.  The active sites of 

metabolic enzymes are often subject to precise conformation changes mediated 

by allosteric effectors [3].  This precise and integrated structure-function 

relationship prohibits the formation of new nodes of connectivity or the evolution 

of new functions.     

In contrast, kinases have evolved with more modular methods of 

regulation.  These separable mechanisms are often protein interaction 

connectivity elements that help with localization but have little to no direct 

catalytic functions.  Unlike in regulatory enzymes, these modular components 

could be used in a “plug and play” manner to help evolve new signaling pathways 

by directing recruitment to new cellular partners (Fig. 1.1).  Instead of evolving 

new unique proteins, recombination of modular parts to create increased new 
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nodes and connections can result in signaling pathway complexity.  Three 

methods used by eukaryotic signaling proteins to direct and regulate function 

include the use of modular interaction domains, docking sites and their related 

docking motifs, and the use of scaffold or adaptor proteins.   Here, I briefly 

describe modular interaction domains, followed by more in depth analysis of 

docking motifs and scaffold interactions, as the latter two are central to this 

thesis. 

 

Modular Interaction Domains 

Modular interaction domains are a major recognition mechanism used by 

metazoans in diverse signaling processes [61-65].  The increasing complexity of 

signaling pathways in organisms from yeast to man has coincided with an 

explosion in the number of these domains [66, 67].  These domains recognize a 

variety of motifs including peptides, phosphopeptides, and phospholipids [61, 63, 

68, 69] (Table 1.3).  Very few yeast kinases contain modular interaction domains 

other than the kinase domain for which the family is named and classified by; a 

survey of S. cerevisiae kinases using the Simple Modular Architecture Research 

Tool (SMART) [70, 71] indicates that fewer than 10 kinases have modular 

interaction domains and that each domain is present in 3 or fewer of these 

kinases.  However, while yeast kinases may not contain the domains 

themselves, they do contain the distinct interaction motifs recognized by the 

domains.  For instance, the HOG pathway MAPKK Pbs2 contains the core PxxP 
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motif specifically recognized by Src Homology 3 (SH3) domain in the 

transmembrane osmosensor Sho1.   

Modular interaction domains are more sophisticated than mere binding 

elements.  Some classes, such as Src Homology 2 (SH2) domains, only 

recognize their partners under certain conditions.  SH2 domains recognize 

phospho-tyrosine motifs; they do not recognize the same motif if the tyrosine is 

not phosphorylated [72].  Pleckstrin homology (PH) domains bind to 

phosphoinositides phosphorylated at different sites.  The proteins containing PH 

domains are subject to regulatory activity of the enzymes responsible for the 

phosphorylation or dephosphorylation of the inositol ring [73].   Other domains 

can be used as autoinhibitory mechanisms for proteins.  The output domain of 

the Wiskott-Adrich syndrome protein (N-Wasp) is constitutive but held in check 

by both a GTPase-binding domain and a basic motif.  Binding by the GTPase 

Cdc42 and the phosphoinositide PIP2 to the domains disrupts the interaction and 

allows the output domain to act [74, 75].   

Like kinases, modular interaction domains face the problem of substrate 

discrimination.  Some domains simply display unique recognition profiles 

because they have diverged far from their family members.  Instead of the 

canonical PxxP motif, a SH3 domain in the Gads protein recognizes an RxxK 

motif [76].  Another method that these domains have utilized to discriminate 

between their substrates is organism wide negative selection, as demonstrated in 

the case of Sho1 and Pbs2 [77]. 
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Docking sites and interactions: separable recognition sites outside of the active 

site 

 Docking sites and their associated docking interaction motifs  (Fig. 1.1) 

have emerged from the study of serine/threonine kinases and phosphatases.  

These proteins use docking interactions as a regulatory mechanism and as a 

method to achieve selectivity [46, 78].  Additional recognition surfaces increase 

kinase-substrate interactions, and thus the affinity of the enzyme for a particular 

substrate.  Docking interactions have been found in serine/threonine kinases 

(MAP kinases, AGC kinases, CDK-cyclins, etc.) and serine/threonine 

phosphatases (PP1, calcineurin, etc.) [46].  These interactions involve two 

separate proteins.   

The docking site is a groove on the kinase distinct from the active site.  

The d-box is the best characterized MAPK docking site; structural studies have 

revealed that it is a conserved groove [79, 80] on the back of the kinase opposite 

from the active site.  This d-box motif has been found in both yeast (Fus3 and 

Kss1 in S. cerevisiae, Spc1 in Schizosaccharomyces pombe) and mammalian 

kinases (MAPK p38, c-Jun N-terminal kinase (JNK), extracellular signal regulated 

kinase (ERK)) [81-87].  Surfaces for other MAPK docking sites such as the 

glycogen synthase kinase-3 (GSK3) docking groove, the 3-phosphoinositide-

dependent kinase (PDK)/AGC docking groove PDK1 interaction fragment (PIF) 

pocket, the axin/FRAT docking groove, and the DEF docking groove are located 
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on different surfaces of the kinase [88-91].  There have also been reports of 

docking grooves as a mechanism of interaction between the yeast MAPKKK 

Ssk2/22 and MAPKK Pbs2 [18].   As this separable groove arose as a secondary 

specificity mechanism, it is thought that the docking site is distinct from the active 

site to avoid compromising the strict stereochemical requirements for efficient 

catalysis performed at the active site.  

Docking sites recognize cognate docking interaction motifs, consensus 

sequences distinct from a phosphoacceptor substrate motif.  Docking motifs can 

guide interactions at many levels within a MAPK cascade.  For motifs that are 

recognized by MAPK docking grooves, in addition to direct downstream 

transcriptional substrates, docking motifs can be found in upstream MAPKKs, 

phosphatases that downregulate the pathway, and scaffold proteins [17, 82, 83, 

87, 92].  The D-motif is the best characterized MAPK docking interaction motif 

and has a consensus sequence K/R1-2-X2-6-φ-X-φ, where φ is a hydrophobic 

residue.  The docking motifs within the amino terminus of the yeast mating 

MAPKK Ste7 follow this motif [17, 92].  D-sites in MAPKKs are generally in the N 

terminus of the protein, far from the C terminal catalytic domain.  The mechanism 

of docking interactions is conserved:  basic residues in the docking motifs bind to 

the negative charged surface of the docking groove and the hydrophobic 

residues bind to a hydrophobic (Φ-x-Φ) groove on the MAPK. The D-sites on 

various MAPKKs have been shown to be necessary for the phosphorylation and 

activity of the their downstream MAPK partners [17, 92-94].   In the case of the 
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yeast mating MAPKK Ste7, mutation of one or both docking motifs diminishes 

output to a downstream filamentous growth reporter whereas loss of both motifs 

completely eliminates expression [17].  Moreover, it is recognized that docking 

motifs contribute to substrate specificity as a recent comparison of mammalian 

MAPK docking interactions revealed a 10-fold preference for cognate over non-

cognate interactions [95]. 

The introduction of docking interactions has aided in the expansion and 

evolution of kinases.  As previously mentioned, these interactions can create new 

connections outside of the active site, thus not interfering with the catalytic core.  

Closely related kinases have developed slightly different docking grooves that 

have different specificities.   The yeast MAPKs Fus3 and Kss1 have grooves that 

recognize the N-terminal docking motifs on the upstream MAPKK Ste7.  In 

contrast, the same docking groove on Fus3 binds and recognizes a D-motif on 

pathway inhibitor Far1 with far greater selectivity than does Kss1 [17, 96].  It is 

important to note that this “plug and play” aspect of docking is limited to the 

transference of docking motifs to new proteins; as docking grooves are tied to the 

catalytic domain, they cannot be introduced to completely novel situations.   

  

Scaffold interactions:  co-localization of signaling complex components 

 Traditionally, scaffolds are defined as proteins with non-catalytic functions 

that organize more than two partners within a signaling pathway (Fig. 1.1).  As 

an aside, adaptors are molecules that link two partners.  Scaffolds can be built 
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from multiple interaction components including the previously discussed modular 

interaction motifs and docking interactions.  Scaffolds can be utilized to insulate 

proteins within complexes and are sometimes thought to also accelerate signal 

transduction.  The yeast MAPKKK Ste11 acts in several yeast MAPK pathways.  

In the filamentous growth pathway, Ste11 phosphorylates Ste7 outside the 

context of a scaffold [97, 98].  However, the mating pathway uses the scaffold 

protein Ste5 to create a signaling complex containing Ste11, Ste7, and Fus3 [97-

99].  In contrast, when Ste11 is utilized as an input into the osmolarity pathway, it 

associates with the MAPKK Pbs2, which also acts as a scaffold to insulate 

Ste11, Pbs2, and the MAPK Hog1 [100, 101].  This co-localization can lead to 

more efficient signal transmission between the different components in the 

complex.     

Scaffolds can regulate interactions in a multitude of ways beyond simple 

co-localization.   Contrary to the traditional definition, scaffolds can shape 

pathway behavior.  Ste5 has been found to mediate a feedback loop that acts to 

negatively regulate Fus3 output [52].  Engineering interactions to recruit positive 

or negative effectors to the Ste5 scaffold has also been explored as a 

mechanism to reshape the signaling dynamics of the mating MAPK pathway 

[102].  Temporal or cell-specific scaffold expression can also determine whether 

a pathway will function [103-105].  In addition to recruiting specific positive-acting 

proteins that help relay signal, scaffolds can also recruit negative regulators.   In 

the mammalian MAPK JNK1 pathway, the scaffold protein recruits and binds a 
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phosphatase to down-regulate JNK1 as well as binding to the MAPKKK, the 

MAPKK, the MAPK [106]. 

 

Use of artificial recruitment (protein interactions and scaffold tethering) to 

test kinase replaceability and intrinsic identity 

Thus far, we have illuminated the use of peripheral interactions such as 

scaffolds and docking as methods to aid in kinase recruitment.   However, the 

kinases hold much intrinsic specificity due to information contained within their 

active sites.  Thus, we set about to ask whether we could alter kinase identity 

through addition of non-native protein-protein interactions. 

To test a kinases’ intrinsic specificity, we used a modification of a re-

recruitment system first developed by Park and colleagues[107].  Ste5 variants 

that contain mutations in their MAPKKK or MAPKK binding sites are unable to 

mate when exposed to a MATα tester strain [108].  Park et al. demonstrated that 

the use of non-covalent binding interactions, PDZ domains, to recruit either the 

MAPKKK Ste11 or the MAPKK Ste7 to the Ste5 mutants was sufficient to 

partially rescue a mating phenotype (Fig. 1.3).   Previously, it had been thought 

that signaling pathway components must be assembled and oriented with 

stereochemical precision in order to function.  His work argued that simple local 

concentration of components would be sufficient to induce a small amount, if with 

reduced efficiency, of signal fidelity.   The work elucidated in this thesis utilized 

an altered version of this artificial recruitment technique whereby a covalent 
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interaction was used to strengthen the tethering interaction between the scaffold 

and the test kinase.  Instead of low micromolar binding affinities offered by PDZ 

domains, the covalent tethering ensured co-localization and interaction of the test 

kinases to the scaffold through expression of the two entities as a single protein.   

Within this thesis, we focus on the set of yeast MAPKKs, namely Ste7, 

Pbs2, Mkk1, and Mkk2.  As the central node in MAPK pathways, MAPKKs must 

receive signal from specific upstream partners and communicate to their 

downstream substrate with strict fidelity.  They are a set of highly homologous 

proteins yet display exquisite specificity.  How do these MAPKKs accomplish 

these feats?  Are interaction partners and the proper transmission of signal due 

solely to recognition events that occur between residues within a kinases’ active 

site or other interaction motifs outside of the catalytic core?   

We answer these questions through testing functional replacement of the 

mating MAPKK Ste7 with alternative kinases.  We test contributions of 

scaffolding through tethering alternative kinases to the mutant Ste5 scaffold.  If 

we tether kinases that act in other signaling pathways to the mutant Ste5 

scaffold, would that be sufficient to override their native function and convert their 

identity to that of a mating kinase?  We can also generate chimeric kinases that 

contain catalytic cores of alternative kinases coupled to the interaction motifs 

found on Ste7.  Would simple addition of interaction motifs to the catalytic core of 

an alternative kinase be sufficient to alter its identity?  How fully converted is the 
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new chimeric kinase?  In other words, would the alternative kinase now be able 

to signal to its former and current pathways?  

We find that layering two Ste7 interaction elements, the amino terminus 

that contains docking interactions to the docking site on Fus3, and tethering to 

the scaffold Ste5, results in altering the identity of two alternate yeast MAPKKs, 

Mkk2 and Pbs2.  These tethered chimeric kinases adopt Ste7 functionality in that 

they are able to reconstitute mating in a mating deficient strain.  Additionally, we 

find that the Pbs2 kinase is fully converted; it can no longer receive signal from its 

native stimulus, high osmolarity conditions. 

Further, we ask whether the use of protein-protein interactions that alter a 

MAPKK’s identity to that of Ste7 results in kinase behavior equivalent to that of 

Ste7.  In Chapter 3, we explore the differences imparted by the protein protein 

interactions on kinase identity. First, we investigate the necessity of amino 

terminus versus the docking interaction peptides alone.  Upon isolating the 

docking peptides and appending them to the tethered alternate kinases, we find 

that the peptides are not sufficient to transform the kinases into Ste7.  Is there 

any difference between the temporal response of the alternate kinases in 

passaging signal flux through the pathway?  We find that there is a difference 

between the temporal signaling of the tethered chimeric Mkk2 kinase and the 

tethered chimeric Pbs2 kinase.  We also investigate any remaining cross-talk 

between the mating pathway and the osmolarity pathway.  We probe activation of 
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alternate MAPKs inside and outside of the pathway after stimulus and find that 

there is no cross-pathway signaling to the other MAPKs.   
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Phosphoacceptor residues

Input

Output

Scaffolds/Adaptors

Docking Interactions

Catalytic/Active Site

Kinase

Modular interaction domains

Figure 1.1.  Connectivity elements used by kinases.  Kinases utilize active site 
recognition, docking interactions, scaffold/adaptor mechanism, and modular 
interaction domains to achieve specficity.  The active site of the kinase is 
depicted as the cleft on the right; the phosphoacceptor residues of the kinase’s
substrate is depicted in red.  As the docking groove is separate from the active
site, here we depict the groove on the left of the kinase as a triangular groove. 
The separate scaffold protein is shown in purple and the modular protein 
interaction domain is shown in green.
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Figure 1.2.  Yeast MAPK pathways.  Yeast MAPK pathways are composed of
a core three-tiered kinase module - in response to input, the MAPKKK
phosphorylates and activates the MAPKK,  which, in turn, phosphorylates and
activates the MAPK.  Multiple components are shared between the pathways
at many different levels.  Here, the transmembrane receptors are colored 
blue, the pathway members between the receptor and the MAPKKK in purple,
the MAPKKK proteins in green, the MAPKK proteins in orange, and the MAPK
proteins in white.  Although Pbs2 is a scaffold that interacts with both the 
MAPKKK and the MAPK in the HOG pathway, here we do not depict it as such.
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Figure 1.3.  Scaffold-kinase recruitment using protein-protein interactions.  The
Ste5** scaffold contains mutations in its Ste7 binding site that disrupt MAPKK
scaffold interation.  This mutant scaffold is unable to promote mating.  Park
et al. used non-covalent protein-protein interactions in the form of PDZ 
domains (syn-PDZ, nNos-PDZ) to re-recruit Ste7 to the mutant scaffold (106).
They demonstrated that this method was sufficient to restore mating flux.  
Within this thesis, we have improved upon this design through using a 
covalent tether (blue bar) to link Ste7 or alternative MAPKKs to the scaffold.    
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Table 1.1.  Summary of yeast protein kinase classification

Group Families Subfamilies Yeast Kinases Core MAPK pathway 
members

AGC 14 21 17
CAMK 17 33 21
CK1 11 13 4
CMGC 8 24 21 Fus3, Kss1, Slt2, Hog1

STE 3 13 14
Mkk1, Mkk2, Ste7, 
Pbs2, Ste11, Bck1, 
Ssk2, Ssk22

TK 30 30 0
TKL 7 13 0
RGC 1 1 0
Atypical 12 22 15
Other 37 39 38

See http://www.kinase.com for complete classification information

Abbreviations: AGC, cyclic AMP-dependent, cyclic GMP-dependent, protein kinase C; 
CAMK, calmodulin-regulated kinases; CK1, casein kinase 1;  CMGC, cyclin-dependent 
kinases, mitogen-activated protein kinases, glycogen synthase kinase, CDK-like kinases; 
RGC, receptor guanylate cyclase; STE, sterile kinases; TK, tyrosine kinases; TKL, tyrosine 
kinase like

25



Table 1.2.  Yeast specific protein kinases

Group Family Subfamily Yeast Kinases Members and 
functions

Atypical HisK 1

Sln1, Two component 
signal transducer in 
osmolarity MAPK 
pathway, related to 
bacterial histidine 
kinases

CAMK CAMKL Kin1 2 Kin1, Kin2; cell polarity
CAMK CAMKL Kin4 2 Kin4; cell cycle

CAMK CAMKL Gin4 3
Gin4, Hsl1, Ycl024W; 
Ser/Thr kinases that 
signal to the cell wall 
during cell cycle

CAMK RAN 13 3
Ksp1, Sha2, Ydr247W; 
Ser/Thr kinases that 
act in meiosis, nuclear 
export, and starvation 

Other HAL 30 9

Hal5, Npr1, Ptk1, Sat4, 
Ydl025C, Ydl214C, 
Yjr059W, Ykl168C, 
Yor367C; stress 
response, small 
molecule transport

Other CAMKK Elm 3

Elm1, Pak1, Ygl179C; 
Ser/Thr kinases that 
act in DNA replication, 
budding, and osmotic 
stress response

Other 1 1 0
Atypical 12 22 15
Other 37 39 38
Abbreviations: HistK, histidine kinase; CAMK, calmodulin-regulated kinases; CAMK, 
CMAK-like
See http://www.kinase.com for further information on the kinases
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Table 1.3.  Survey of select modular interaction domains 

Domaina S. cerevisiae C. elegans D. 
melanogaster H. sapiens

FHA 13(13) 12(12) 19(16) 32(29)
PDZ 2(2) 72(64) 81(65) 214(142)
PTB 0(0) 18(15) 10(9) 49(33)
SH2 1(1) 67(67) 35(32) 139(110)

SH3 25(23) 65(60) 91(71) 304(211)

WW 6(6) 21(18) 27(21) 64(47)
Total genesb 6300 19000 14000 30000

FHA, forkhead-associated, binds p-Ser/Thr peptide ligands (69); PDZ, PSD-95, 
Dig, ZO-1 domain, binds C-term peptide ligands (63);PTB, phospho-Tyr binding 
domain, binds p-Tyr peptide ligands (68); SH2, Src homology 2, binds phospho-Tyr 
peptide ligands (68); SH3, Src homology 3, binds PxxP ligands (61); WW, Trp Trp 
domain, binds PxxP ligands (61)                                                                                                        
a The total number of domains per genome is stated.  The number of proteins is 
noted within the parentheses. Domains were queried from the SMART database 
on May 31, 2010 using the genomic and normal modes.  http://smart.embl-
heidelberg.de                                                                                                               
b Gene numbers were culled from the Human Genome Project Functional and 
Comparative Genomics Fact Sheet:  
http://www.ornl.gov/sci/techresources/Human_Genome/faq/compgen.shtml  
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Abstract 
 
The yeast Saccharomyces cerevisae has four distinct mitogen activated protein 

kinase kinases (MAPKKs), each of which has a different functional identity 

characterized by communication with specific upstream and downstream 

partners to form divergent functional pathways.  These four kinases belong to 

one family, sharing closely related catalytic domains in the MAPKK family.  How 

have these four related kinases diverged to take on four distinct functional roles?  

Distinct enzyme specificity is often thought to reside in differences in the catalytic 

active site.  However, many kinases, including MAPKKs, have modular 

interaction domains and motifs that have been shown to play an important role in 

determining kinase specificity through recruitment to certain partners, complexes 

or locations in the cell.  Here, we probe the relative importance of catalytic 

interactions versus recruitment interaction in defining the functional identity of 

MAPKK.  We ask whether we can use recruitment interactions to force other 

MAPKK catalytic domains to play the functional role of the mating MAPKK, Ste7.  

We find that the osmoresponse MAPKK Pbs2 and the hypotonic response 

MAPKK Mkk2 can be forced to functionally replace the mating MAPKK Ste7, but 

only if the proper ensemble of recruitment interactions are overlaid on their 

catalytic domains.  These results show that within a family of kinases, recruitment 

interactions can play a dominant role in defining functional identity, and is 

consistent with a model in which new kinase functions can arise through 

recombination of existing catalytic domains with new interaction modules. 
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Introduction  

Eukaryotic cells have hundreds of protein kinases (human ~500, yeast ~100) that 

act in a highly coordinated fashion to regulate diverse cellular processes such as 

metabolism, growth, and differentiation.  Proper signal transduction requires that 

protein kinases be activated via the correct upstream mechanism; the activated 

kinases must then functionally communicate with a defined subset of cellular 

partners.  This downstream propagation of the signal requires phosphorylation of 

specific substrate residues by the protein kinase active site.   

The majority of eukaryotic protein phosphorylation is performed by a single 

protein kinase superfamily related by their kinase domains, catalytic domains that 

consist of 250-300 amino acid residues [1].  Despite sharing a conserved 

catalytic domain, distinct specificities are seen for individual catalytic kinases [2].  

Such specificities are thought to have arisen from kinase family expansion 

through duplication, followed by subsequent mutation of catalytic specificity, both 

input and/or output, and change of recruitment interactions.  Throughout this 

process, scores of distinct subfamilies have been conserved across species 

throughout evolution [3].  The question of how closely related kinases achieve 

specificity has been an area of active research.    

Over the last two decades, the study of eukaryotic signal transduction 

enzymes has made clear that these signaling proteins utilize modular interaction 

mechanisms to form new input and output relationships [4] to impart additional 

specificity.  Historically, active sites within enzyme catalytic domains were 
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thought to be the most highly selective determinant in enzyme specificity 

because of the need for exact phosphoacceptor sequences and precise 

stereochemical complementation requirements between substrate residues and 

an enyzme’s active site.  The use of docking sites, sites outside of the enzyme’s 

catalytic surface that interact with peptide docking motifs found on interacting 

proteins, have been described in several Ser/Thr kinase families [5].  In addition 

to being found on the direct downstream substrate of the docking site containing 

enzyme, docking motifs have been found on upstream kinases and regulatory 

partners (phosphatases and scaffold proteins) [6-8].   These docking interactions 

may be used as new connectivity elements to achieve selectivity [7].  In some 

instances, docking interactions can directly affect kinase function through 

autophosphorylation or inhibition [5, 9-11].  Scaffold proteins are a second 

method that eukaryotic signaling proteins have utilized to restrict signal flux to 

appropriate substrates [4].   Scaffolds act as pathway organizing factors and wire 

multiple components of a signaling pathway together, often in response to a 

stimulus. 

Previous work utilizing Mitogen Activated Protein Kinase (MAPK) pathway 

components has demonstrated that both docking motifs and scaffolds can be 

used as artificial recruitment interactions to redirect signaling flux.  The core of a 

MAPK pathway is a three-tiered cascade of kinases that sequentially 

phosphorylate each other (MAPKKK  MAPKK  MAPK).  Recently, the fusion 

of a docking motif to an alternative kinase has been shown to be sufficient to 
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divert signal flux.  The yeast osmolarity branch MAPKKKs Ssk2 and Ssk22 

exclusively phosphorylate the osmolarity MAPKK Pbs2.  However through fusion 

of the Pbs2 docking site to mating MAPKK Ste7, Ssk2/Ssk22 have been shown 

to phosphorylate Ste7 [12].  Covalent attachment of the MAPKKK Ste11 to either 

the mating scaffold Ste5 or the osmolarity scaffold Pbs2 partitions Ste11 and 

restricts it to acting only in the pathway to which it is tethered [13]. Park et al. 

created a diverter scaffold, a fusion of Pbs2 and the mating pathway scaffold 

Ste5, that redirected mating pheromone input to an osmotic response output [14].  

Here, we examine to what degree kinases are functionally replaceable.  Is 

kinase identity intrinsic or can it be modified using interaction motifs or tethering 

interactions?  We chose to test the replaceability of yeast mitogen activated 

kinase kinase (MAPKK) proteins.  MAPKKs are the central node of MAPK 

pathways.  MAPKKs are regulated by upstream MAPKKKs, which phosphorylate 

conserved tyrosine and threonine residues within the MAPKK active site in 

response to stimulus.  In turn, MAPKKs exhibit great specificity for their cognate 

MAPKs and propagate signal through phosphorylation of conserved threonine 

and tyrosine residues within the activation loop of MAPKs.   

There are four functionally distinct MAPKKs in S. cerevisiae, Ste7, Pbs2, 

Mkk1, and Mkk2 (Fig. 2.1A) that act to regulate mating, filamentous growth, 

osmolarity response, and cell wall integrity.  These MAPKKs are highly similar to 

each other in sequence (Fig. 2.1B) and by definition, must act as a central node 

between MAPKKKs and MAPKs.  We chose the yeast mating MAPKK, Ste7, and 
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asked whether layering on Ste7 recruitment interactions to the related but 

functionally distinct MAPKKs could force them to take on the Ste7 identity.  For 

an alternative MAPKK, adoption of Ste7 functionality requires two basic actions 

to occur.  The alternative MAPK must respond to activation of the pheromone 

pathway and then successfully trigger the transcriptional response and cellular 

reorganization cues that will ultimately lead to a proper mating response. 

Many eukaryotic protein families have undergone organism wide selective 

pressure to avoid overlapping functions and specificities amongst proteins with 

highly similar sequences.  In yeast, the Src homology 3 domain (SH3) family has 

undergone negative selection to optimize network selectivity [15].  SH3 domains 

recognize a canonical PxxP motif.  Despite the high sequence similarity between 

SH3 domains, the Sho1 SH3 domain solely recognizes the PxxP motif in the 

Pbs2 protein.   Since response to external stimuli is often a fate-determining 

event in yeast, signal fidelity between MAPK components and inhibition of cross-

signaling events between pathways is crucial.  

Aside from its catalytic domain specificity, Ste7 has two recruitment 

interaction motifs that are known to be important for function – two docking motifs 

and interactions with a scaffold protein (Fig. 2.2A).  The peptide docking 

sequences within the Ste7 amino terminus (Fig. 2.1B) mediate proper 

connectivity within the MAPK network and allow it to bind promiscuously to the 

mating and filamentous MAPKs Fus3 and Kss1 [7].  In the mating pathway, 

scaffold protein Ste5 selectively binds the MAPKKK Ste11, the MAPKK Ste7, and 
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the MAPK Fus3.  The ability of Ste5 to catalytically unlock Fus3 accounts for its 

preference to binding Fus3 over Kss1 [16]. 

We tested whether recruitment of alternative MAPKKs using Ste7 docking 

motifs, scaffold tethering, or a combination of the two could overcome any 

inherent specificity and result in a functional Ste7 replacement.  We find that two 

of the three alternative MAPKKs in yeast can functionally replace Ste7, but only if 

they have both of the native Ste7 recruitment properties.  In instances where only 

docking or scaffolding interactions are present, the alternative MAPKK is unable 

to successfully maintain mating signal flow.  These results suggest that proper 

set of recruitment interactions can play an equal or dominant role in determining 

the functional identity of a kinase.  Interestingly, our results indicate that kinases 

can maintain only a single functional identity.  As such, we find that while kinases 

may be altered to be promiscuous, network selectivity forces continue to ensure 

that multiple pathways that require different physiological and transcriptional 

changes do not activate simultaneously. 

 

Results 

 

Both catalytic and recruitment interactions are necessary for Ste7 function 

To test whether we could replace Ste7 functionality with an alternate 

kinase, we utilized an artificial re-recruitment system developed by Park et al 

[14].  Mutations to specific Ste5 scaffold residues V763A/S861P (termed Ste5**) 
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selectively destroy recruitment of Ste7 to the scaffold, resulting in abrogation of 

the mating response [17].  Recruitment of Ste7 to Ste5** using a PDZ domain 

pair affixed to the proteins restores signal flux to the mating pathway, albeit at 

two orders of magnitude below wild-type mating levels in a quantitative mating 

assay [14].  This restoration of signal argued that the passive tethering and 

increase in local concentration of Ste7 in relation to Ste5 was sufficient to 

propagate mating signal without the need for precise stereochemical orientation 

of the components. To increase the possibility of detecting weak replacement 

kinases, we used a covalent interaction between the test kinase and the mutant 

Ste5 scaffold when testing the contribution of scaffold interactions (Fig. 2.2B).  In 

contrast to the mating results of a non-covalent interaction between Ste5** and 

Ste7, we observed that the direct tethering of the two (Ste5**_Ste7) increases 

detectable mating efficiency to wild-type levels (Fig. 2.2C).  

To control for day-to-day mating efficiency variation, we normalized all 

results to the wild-type standard performed with every experiment.  Here, we 

denote wild-type mating efficiency as the ratio of diploids to the sum of diploids + 

haploids observed after replacing Ste5 in our test ΔSte5 strain.  This mating 

efficiency was set to 100% efficiency.  To set the minimal cut-off for basal mating 

ability, we calculated mating efficiency in strains containing Ste5** alone.  These 

strains consistently mated 4-6 orders of magnitude below wild-type levels.  For all 

future experiments, we identified positive maters as those constructs that 

exhibited normalized mating efficiency of above 10-4.  We reasoned that a 
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dynamic range of 4 orders of magnitude would be sufficient to identify any 

functional replacements.  

We first tested the contribution of the Ste7 non-catalytic amino terminus to 

Ste7 function through the fusion of Ste5** to the Ste7 kinase domain (Ste7KD) 

(Fig. 2.2B). Mutation of the two docking motifs within the Ste7 amino terminus 

abolishes the ability of Ste7 to signal to Fus3 or Kss1 after pheromone signaling 

[7].  While no other pieces of the Ste7 amino terminus have been found to 

contribute to any signaling activity, we wanted to isolate and test the function of 

the Ste7KD.  Remarkably, the Ste5**_Ste7KD was able to mate efficiently at a 

level decreased only two orders of magnitude than that of wild-type and 

Ste5**_Ste7 (Fig. 2.2C).  To test the necessity of scaffold recruitment 

interactions to Ste7 function, Ste5** and Ste7 were co-expressed and tested for 

mating ability.  Low levels of mating, between 10-3 and 10-4 (Fig. 2.3B), were 

detected.  We find that while Ste7 function can occur in the absence of either the 

docking or tethering interactions, both must be present for proper and full Ste7 

activity.  

 

Scaffold tethering of alternative yeast MAPKKs is insufficient to 

functionally replace Ste7 

Re-recruitment of pathway kinases Ste11 or Ste7 to binding mutation versions of 

Ste5 using heterologous PDZ domain interactions partially rescues signaling [13, 

14] due to increased local concentration of components.  Here, we tested 
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whether forced co-localization of the alternative yeast MAPKKs with the Ste5** 

scaffold would be sufficient to replace Ste7 and promote mating.  High sequence 

similarity exists in the overall protein sequences and within the kinase domains of 

yeast MAPKKs (Fig. 2.1B).  As recruitment interactions are known to have a role 

in isolating mating signal to the MAPK Fus3 and not Kss1 [7, 16, 18], we 

reasoned that recruitment of the alternative MAPKKs to the Ste5** scaffold in this 

context would be sufficient to induce passage of signal from the Ste11 to the 

MAPKK.  We designed constructs with full length alternative MAPKKs fused to 

Ste5** (Ste5**_Mkk1, Ste5**_Mkk2, Ste5**_Pbs2) (Fig. 2.3A) and tested their 

mating efficiency.  Both the Ste5**_Mkk1 and Ste5**_Mkk2 constructs were 

observed to lack ability to rescue mating in a ΔSte5 strain beyond basal levels.  

Due to the large dynamic range of the mating assay, we were able to detect 

extremely low levels of mating in the Ste5**_Pbs2 strain (Fig. 2.3B).  To ensure 

that there were no internal regulatory cues or interaction motifs within the amino 

termini of the alternative MAPKKs that were responsible from diverting signal 

from Ste11, we tested mating ability of covalently fused Ste5** the alternative 

MAPKK kinase domains (Ste5**_Mkk1KD, Ste5**_Mkk2KD, and 

Ste5**_Pbs2KD) (Fig. 2.3A).  None of these three constructs were observed to 

rescue mating in a ΔSte5 strain to any significant level (Fig. 2.3B) but as in the 

case of Ste5**_Pbs2, very low levels of mating efficiency were detected with the 

Ste5**_Pbs2KD (Fig. 2.3B).   
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Fusion of Ste7 amino terminus to the alternative yeast MAPKK kinase 

domains is insufficient for functional replacement of Ste7 

To test the contribution of non-catalytic recruitment interactions to kinase 

identity, we designed chimeric MAPKKs.  We fused the full 191 amino acid 

amino-terminal portion of Ste7, which includes the two previously reported Ste7 

docking peptides (Fig. 2.1B) [7, 19] to the kinase domains of the alternative 

MAPKKs (Ste7NMkk1KD, Ste7NMkk2KD, Ste7NPbs2KD) and tested their ability 

to replace Ste7 (Fig. 2.3A).  To increase the likelihood of the chimeric MAPkKs 

localizing to the scaffold without a tethering interaction, we overexpressed the 

chimeric MAPKKs using an AdhI promoter in relation to Ste5** (expressed from a 

Ste5 promoter).  We tested the ability of these chimeric kinases to functionally 

replace Ste7 through co-expression of these chimeric MAPKKs with Ste5** (Fig. 

2.3B).  None of these three chimeric kinases were able to rescue mating when 

done so.     

 

Alternative MAPKKs can functionally replace Ste7 only in the presence of 

proper scaffold tethering and docking interactions 

Our previous results indicated that a singular class of recruitment 

interactions was insufficient to promote rescue of a mating phenotype.  We 

reasoned that in the case of Ste7, two recruitment interactions, both tethering 

and docking, were necessary for fully efficient mating.  Thus, we hypothesized 

that addition of multiple recruitment interactions could overcome the intrinsic 
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specificity barrier derived from the enzyme’s catalytic residues.  Using this 

layering approach, we combined both scaffold tethering and the docking 

interactions to create tethered chimeric kinases (Ste5**_Ste7NMkk1KD, 

Ste5**_Ste7NMkk2KD, Ste5**_Pbs2KD).  We tested the ability of these chimeras 

to rescue mating.  Here, two of the three chimeric MAPKKs, 

Ste5**_Ste7NPbs2KD and Ste5**_Ste7NMkk2KD, mated efficiently at one order 

of magnitude below wild-type levels (Fig. 2.3B).  

We next questioned whether the addition of tethering and docking 

interactions to the Mkk1 kinase domain interfered with its expression, thus 

preventing the conversion of the Mkk1 kinase identity to that of Ste7 because of 

lower protein abundance.  We probed the expression level of the tethered 

chimeric kinases in yeast lysates using an antibody to the 3X hemagglutinin 

epitope fused to the carboxy terminus of each kinase.   We detected the chimeric 

MAPKKs Ste5**_Ste7NMkk1KD, Ste5**_Ste7NMkk2KD, and 

Ste5**_Ste7NPbs2KD at expression levels consistent to that of Ste5**_Ste7  

(Sup. 2.2).   

Further, we sought to additionally express all constructs from a high 

expression promoter (AdhI, supplemental figures) in addition to the native Ste5 

promoter (figures within manuscript).  While the mating assay used to detect 

maters herein has a large dynamic range spanning four orders of magnitude, the 

use of the AdhI promoter to drive chimeric kinase expression increased the 

possibility of detecting weaker maters.   We surmised that the mating efficiency of 
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the test kinases would be the same or slightly increased.  Surprisingly, the 

normalized mating efficiency of Ste5**_Ste7 when driven by the AdhI promoter 

was lower than when Ste5**_Ste7 is expressed from the Ste5 promoter (Sup. 

2.1A).  However, the use of the higher expression AdhI promoter significantly 

increased the mating efficiency of both Ste5**_Ste7NMkk2KD and 

Ste5**_Ste7NPbs2KD (Sup. 2.1B).  Additionally, when expressed from the Ste5 

promoter, Ste5**_Ste7NMkk1KD was unable to functionally replace Ste7 – the 

strain showed no ability to recapitulate mating.  However, expression of 

Ste5**_Ste7NMkk1KD from the AdhI promoter lead a detectable mating 

efficiency of 10-3 (Sup. 2.1B).  

 

Functional MAPKK chimeras are dependent on proper upstream and 

downstream signaling   

We investigated whether the tethered MAPKK chimeras were properly 

interacting with intermediate components the mating pathway.  To achieve Ste7 

functionality, the tethered chimeric kinases must respond to pheromone stimulus 

and require passage of mating signal from the upstream MAPKKK Ste11.  

Alternatively, the addition or removal of interactions could have potentially 

eliminated regulatory information, rendering the new kinase constitutively active 

in the absence of upstream input.  To determine whether Ste11 was necessary 

for mating function with the alternative kinases, we tested whether the 

Ste5**_Ste7NMkk2KD or the Ste5**_Ste7NPbs2KD chimeras could successfully 
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promote mating in a mating MAPKKK deletion strain (ΔSte5ΔSte11).  When 

tested by patching our tester strain with an α mating strain, neither chimera could 

produce diploids in a ΔSte5ΔSte11 background strain (Fig 2.4).     

We next tested whether the chimeric MAPKKs were signaling to a 

downstream mating pathway MAPK.  Under normal conditions, the MAPK Fus3 

is activated in response to pheromone stimulus.  However, the MAPK Kss1 has 

been shown to be able to be phosphorylated in vitro by a constitutively active 

version of Ste7 (Ste7EE containing phosphomimicking mutations in active loop 

residues S359E, T363E) [20].  We questioned whether Ste5**_Ste7NMkk2KD or 

Ste5**_Ste7NPbs2KD were passing mating signal to Fus3, which requires 

additional interactions from the Ste5 scaffold [21], or to Kss1.  We expressed the 

chimeric MAPKKs in a deletion strain devoid of either mating MAPK, 

ΔSte5ΔFus3ΔKss1, and patched these with α cells.  Neither strain expressing 

Ste5**_Ste7NMkk2KD or Ste5**_Ste7NPbs2KD were capable of mating and 

producing diploids (Fig. 2.4), indicating that the chimeras require Fus3 or Kss1 to 

propagate mating signal. 

To further determine the ability of the alternative chimeric kinases to 

replace Ste7, we asked whether the kinases also induced mating pathway 

transcriptional responses after pheromone stimulus.  We assayed the ability of 

cells containing the alternative chimeric kinases to induce of a mating reporter, 

Fus1_GFP, after pheromone stimulus via flow cytometry.  We see that both the 

Ste5**_Ste7NMkk2KD and Ste5**_Ste7NPbs2KD constructs are able to induce 
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the mating transcription reporter above the levels that Ste5** is capable of (Sup. 

2.3).  The Ste5**_Ste7NMkk1KD chimeric kinase does not show significant 

activation of the mating reporter.    

 

Recruitment interactions successfully alter Pbs2 kinase domain functional 

identity 

We have shown that the chimeric MAPKKs require upstream and 

downstream mating pathway components to replace Ste7 and that these 

components are sufficient to impart new functionality.  However, have these 

kinase identities been successfully converted?  If these chimeric kinases have 

converted to a functional Ste7 identity, then they would no longer respond to their 

native activating cues.   We tested whether introduction of salt stress would 

activate the osmolarity pathway when utilizing either tethered or untethered 

chimeric Pbs2 (Ste5**_Ste7NPbs2KD, Ste7NPbs2KD).  We found that the 

presence of Ste7NPbs2KD in both ΔPbs2 and ΔPbs2ΔSte5 cells led to osmotic 

resistance only at low levels of salt (Sup. 2.4).  The tethered chimeric kinase, 

Ste5**_Ste7NPbs2KD, was unable to protect either strain from salt stress (Sup. 

2.4), indicating the additional Ste7 interaction element, tethering to the Ste5 

scaffold, successfully converted the Ste5**_Ste7NPbs2KD to a sole Ste7 identity.  

To ensure that fusion to the Ste5** scaffold was not the preventing Pbs2 from 

properly interacting with salt pathway components, we noted that Ste5**_ Pbs2 

provided osmoresistance at both low and high (1.0M KCl) levels of salt.   
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Discussion 

 

Previous studies have implicated the importance of both docking 

interactions and scaffold tethering in mediating connectivity within the yeast 

MAPK mating pathway.  Proper signaling requires that the scaffold Ste5 recruit 

multiple pathway components (Gβ protein Ste4, MAPKKK Ste11, MAPKK Ste7, 

and MAPK Fus3) together to form a mating complex.  Additionally, Ste5 plays a 

catalytic role in directing signal flux from Ste7 to Fus3 [16].  Docking interactions 

can often be used as a discriminatory motif; the motif on Far1 can preferentially 

bind Fus3 over Kss1 [7].  However, other docking motifs, like those found in Ste7, 

are far less tuned for specificity.    

In this study, we have examined the use of docking motifs and scaffolding 

as passive methods to recruit alternative yeast MAPKKs to the same cellular 

location as other mating pathway components. Our analysis shows that we can 

intrinsically replace MAPKK identity through the simple addition of these 

recruitment interactions to the catalytic domains of alternative yeast MAPKKs.   

Both interactions are necessary.  The simple addition of tethering was insufficient 

to force signal flux through an alternative yeast MAPKK, as evidenced by the 

absence or extremely low ability of Ste5**_Mkk1, Ste5**_Mkk2, Ste5**_Pbs2, or 

any of the corresponding tethered kinase domain constructs to mate with 
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appreciable frequency. Independently, the use of Ste7 docking interactions to 

recruit chimeric kinases to Ste5** was also insufficient to permit mating flux.   

 Our data suggests that while neither is sufficient to convert kinase identity 

alone, scaffolding may possibly be a greater factor in determining kinase identity 

than docking interactions.  While at levels above background, we did observe 

very low mating efficiency in Ste5**_Pbs2 and Ste5**_Pbs2KD.  In contrast, the 

co-expression of Ste5** and Ste7 were only slightly higher; further, no mating 

was seen with co-expression of Ste5** and the fusion of docking interactions to 

alternative kinases.  Further, the comparison between re-recruited Ste5** and 

Ste7 using non-covalent interactions [14] and Ste5**_Ste7 indicates the increase 

in mating efficiency can be correlated with the certainty of scaffold interaction.  

The observation that mating was able to occur using a tethered Ste7 kinase 

domain that was completely devoid of its docking interactions also supports that 

scaffolding may play a larger role in induction functional interaction.  However, 

we see that the presence of scaffold is not enough for fully efficient signaling. 

Though our findings indicate that protein interactions may have a 

dominant role over catalytic specificity, the conversion of just two of the three 

alternative MAPKKs provides indicates that intrinsic kinase selectivity cannot 

always be overcome by forced recruitment and increased local concentration.  

Some intrinsic specificity is tied to kinase identity.  One model for why some but 

not all chimeric kinases can replace Ste7 is that perhaps the upstream MAPKKK 

can more easily access and activate particular kinases.  In the osmolarity 
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pathway, the three MAPKKKs Ssk2, Ssk22, and Ste11, act as inputs to Pbs2.  

This sharing of an upstream component between the mating and osmolarity 

pathway indicates that Ste11 may easily recognize and activate a Pbs2 kinase 

domain, even in the context of mating pathway signal and interactions.  Indeed, 

through the use of a diverter scaffold that fused mutant Ste5 and Pbs2 together, 

mating input was successfully converted to osmolarity output signal [14].  

However, the ability of the Ste5**_Ste7Mkk2KD chimeric kinase to 

recapitulate mating cannot simply be explained by the sharing of an upstream 

MAPKKK with Ste7.  Within the hypotonic shock pathway, the redundant 

paralogs Mkk1 and Mkk2 receive upstream information from the MAPKKK 

Bck1[22].  Additionally, the ability of Ste11 to somehow discriminate between 

Mkk2 over Mkk1 is confounded by the observation that Mkk1 and Mkk2 are the 

two most closely related MAPKKs.  Their kinase domains share over 80% in 

identity and the amino terminal domains are over 30% identical [22].  Further, 

Mkk1 and Mkk2 share more identity with Ste7 than Ste7 does with Pbs2.  While 

these observations raise interesting questions as to the mechanism that these 

alternative kinases utilize to interact with mating pathway components and 

propagate signal, we limited the scope of this paper to determining whether 

recombination of recruitment interactions and catalytic domains could lead to new 

kinase functions. 

A growing body of work supports the idea that sophisticated cellular 

signaling networks in complex eukaryotes have arisen through the generation of 
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new circuitry using of a limited toolbox of parts rather than the evolution of novel 

proteins [23].  Here, we examine the specificity of MAPKKs through attempts to 

use existing connections to convert MAPKK identity.   We have successfully 

converted two alternative MAPKKs to Ste7 functionality, showing that we can use 

these simple protein interaction elements to redefine kinase behavior.  However, 

we were unable to find a generic formula for converting kinases, as we find that 

some intrinsic contributions to specificity cannot be overcome by recruitment 

interactions.  Importantly, we find that the kinases that have gained new 

functionality retain only a single identity.  We see that Ste5**_Ste7NPbs2KD is 

unable to communicate with both the mating and the osmolarity pathway; 

instead, it can only function as a putative Ste7.  This complete conversion of the 

kinase indicates that even in the presence of network perturbations, crosstalk 

and specificity is still severely restricted in defining MAPKK functionality. 

 

Materials and Methods 

 

Constructs and Strains 

Yeast strains used in this study are shown in Table 2.S2.  Standard gene 

disruption techniques were used to create the knockouts. 

Plasmids used in this study are shown in Table 2.S1. All plasmids used in 

the mating assays were constructed using the pRS316 CEN-ARS unless 

otherwise noted.    Promoters were amplified from S. cerevisiae genomic DNA 
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using 500 bp upstream (Ste5) or 1400 bp ustream (AdhI) sequence. To 

determine expression of the constructs, three tandem copies of the HA epitope 

were fused to the C-terminus of the kinases.  

Domain determination. MAPKK sequences were obtained from the 

Saccharomyces Genome Database (http://www.yeastgenome.org/).  The 

sequences were entered into the Simple Modular Architecture Research Tool 

(SMART) (http://smart.embl-heidelberg.de/) to determine the kinase domain 

boundaries.  Using the SMART results, each MAPKK was split into two pieces, a 

N-terminus (a.a. 1 to start of kinase domain), and a kinase domain (start of 

kinase domain to end of protein).   

Alternative kinase constructs.  Full-length alternative MAPKKs (Mkk1, Mkk2, 

Pbs2) or kinase domains only (Mkk1KD, Mkk2KD, Pbs2KD) were amplified from 

S. cerevisiae genomic.  The chimeric kinases  (Ste7NMkk1KD, Ste7NMkk2KD, 

Ste7NPbs2KD) were created using two-step PCR.  The Ste7 N-terminus (a.a. 1-

191) and the alternative MAPKK kinase domains were amplified in separate 

reactions and fused using two-step PCR.  

Tethered alternative kinase constructs.  For Ste5**-MAPKK recruitment, the 

alternative kinase constructs described above were fused C-terminal to the Ste5 

V763A/S861P mutant (Ste5**) using a Gly-Ser linker.  Control plasmids of either 

Ste5 wild-type (Ste5WT) or Ste5** were also created without a kinase fusion but 

with a HA epitope tag.  
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Mating Assays 

Quantitative Mating Assays.  Mating assays have previously been described [24].  

Briefly, RB201 (ΔSte5) transformants were grown to mid-exponential phase in 

selective medium at 30°C.  2 x 106 cells were mixed with 1ml (107) of Maya12 

cells (α tester strain) and collected on a .45 uM nitrocellulose membrane 

(Whatman).  Filters were recovered on YPD medium for 5 hours.  Cells were 

resuspended in YPD medium, serially diluted, and plated onto SD minimal or SD-

lysine plates.  Colonies were counted after 2-3 days to determine mating 

efficiency.      

Qualitative Mating Assays.  Maya12 cells were grown to mid-exponential phase 

and spread onto YPD plates.  Plates containing patches of the transformants in 

RB201 (ΔSte5), RB203 (ΔSte5ΔSte11), or RB211 (ΔSte5ΔFus3ΔKss1) were 

replica plated onto the Maya12 lawns.  Plates were incubated for 12-16 hours to 

allow for mating, then replica plated onto SD minimal plates to assess for diploid 

formation. 

 

Anti-Phospho MAPK Western Assays 

Cells in mid-log phase (OD600 between 0.7-0.8) were treated with α-factor (15 

μM) or 1 M KCL and 25 mL of cultures were harvested at each time point by 

snap-freezing in liquid nitrogen.  Lysates were prepared using an adapted TCA 

precipitation method [25].  Briefly, ice-cold TCA solution (10 mM Tris.HCl, pH 8.0, 

10% Trichloroacetic acid (TCA), 25 mM NH4OAc, 1 mM Na2EDTA) was added 
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to each pellet along with glass beads (1/2 of total volume).  Samples were 

vortexed 4 x 1 min at 4°C with 2 min rests on ice between bursts.  Lysates were 

moved to a new tube and centrifuged.  Proteins were recovered by boiling the cell 

pellets at 100°C for 5 minutes in resuspension buffer (0.1 M Tris.HCl, pH 11.0, 

3% SDS).  50 ug of lysate was used per lane for immunoblotting on a 10% Tris-

Glycine gel (Invitrogen). Fus3 and Kss1 were detected using a p44/42 antibody 

(Cell Signaling Technology).  Hog1 was detected using a p38 antibody (Cell 

Signaling Technology).  HA was detected using a mouse HA antibody (Pierce).   

 

Osmotic stress plate assays.   

SH001(ΔSte5ΔPbs2) transformants were grown to mid-log phase (OD600 = 0.5).  

10 fold dilutions starting at 104 cells were spotted onto selective plates containing 

0, 0.5, or 1.0 M KCL.  Cells were grown for 2-3 days at 30°C and scored for 

growth or no growth.   

 

Flow cytometry. 

Analysis of Fus1:GFP expression by flow cytometry was conducted in 

CB011(ΔSte5ΔBar1ΔFar1) cells transformed with test kinases.  Triplicate culture 

were grown for ~ 12 hours to early-log phase and then diluted to OD600 = 0.01 in 

complete synthetic dropout media.  After 4 hours of growth at 30°C, cells were 

induced with 2 uM α factor (Genscript).  Aliquots were taken at each time point 

and mixed with cyclohexamide (5ug/mL) to stop protein translation in each 
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culture.  Cells were sonicated; 10,000 cells of each culture were counted on a BD 

LSR-II flow cytometer.  GFP fluorescence was measured through excitement at 

488nm with a 100mW Coherent Sapphire laser.  Results were analyzed using 

FlowJo software.   
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Figure 2.1. S. cerevisiae MAPKK proteins serve distinct functional roles 
despite a high degree of sequence similarity.  A.  Schematic of MAPK 
signaling networks.  MAPKK proteins are a central node in MAPK networks.  
MAPKKs must be activated by and process signal from upstream MAPKKK 
proteins; in turn, they phosphorylate specific MAPK substrates.  S. cerevisiae 
MAPKKs have distinct functional roles: Ste7 (mating, filamentation), Pbs2 
(osmolarity), Mkk1 and Mkk2 (cell wall remodeling).  In this and subsequent 
figures, Ste7 is colored green.  The alternative yeast MAPKKs are shades of 
pink.  B. S. cerevisiae MAPKK proteins very closely related, with ~30% identical 
and ~45 similar residues.  Their kinases domains, the catalytic core of the 
proteins, share even higher similarity (~40% identical, ~55% similar).  In this 
figure, kinase domain refers to just the residues labeled kinase.  Despite this 
high degree of similarity, the four MAPKKs have distinct different functions and 
interaction partners.  The docking motifs in the Ste7 N-terminus are represented 
by vertical bars in this and subsequent figures.   
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testing contribution of scaffolding and docking interactions to Ste7 function.  While 
active site recognition is intrinsic to kinase identity, docking and scaffolding can be 
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efficiencies were normalized to that of Ste5 (wild-type).  Background mating efficiency 
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Table 2.S1. Plasmids used in this study
Description Parent Vector Promoter Epitope Tag Name
Ste5**_Ste7KD pRS316a AdhI 3XHA pAW301
Ste5**_Mkk1KD pRS316 AdhI 3XHA pAW302
Ste5**_Mkk2KD pRS316 AdhI 3XHA pAW303
Ste5**_Pbs2KD pRS316 AdhI 3XHA pAW304
Ste5**_Ste7FL pRS316 AdhI 3XHA pAW305
Ste5**_Mkk1FL pRS316 AdhI 3XHA pAW306
Ste5**_Mkk2FL pRS316 AdhI 3XHA pAW307
Ste5**_Pbs2FL pRS316 AdhI 3XHA pAW308
Ste5**_Ste7NMkk1KD pRS316 AdhI 3XHA pAW309
Ste5**_Ste7NMkk2KD pRS316 AdhI 3XHA pAW310
Ste5**_Ste7NPbs2KD pRS316 AdhI 3XHA pAW311
Ste5** pRS316 AdhI 3XHA PAW312
Ste5WT pRS316 AdhI 3XHA pAW313
Ste5**_Ste7KD pRS316 Ste5 3XHA pAW327
Ste5**_Mkk1KD pRS316 Ste5 3XHA pAW328
Ste5**_Mkk2KD pRS316 Ste5 3XHA pAW329
Ste5**_Pbs2KD pRS316 Ste5 3XHA pAW330
Ste5**_Ste7FL pRS316 Ste5 3XHA pAW331
Ste5**_Mkk1FL pRS316 Ste5 3XHA pAW332
Ste5**_Mkk2FL pRS316 Ste5 3XHA pAW333
Ste5**_Pbs2FL pRS316 Ste5 3XHA pAW334
Ste5**_Ste7NMkk1KD pRS316 Ste5 3XHA pAW335
Ste5**_Ste7NMkk2KD pRS316 Ste5 3XHA pAW336
Ste5**_Ste7NPbs2KD pRS316 Ste5 3XHA pAW337
Ste5** pRS316 Ste5 3XHA pAW338
Ste5WT pRS316 Ste5 3XHA pAW339
Ste7NMkk1KD pRS314b AdhI 3XHA pAW342
Ste7NMkk2FL pRS314 AdhI 3XHA pAW345
Pbs2FL pRS314 AdhI 3XHA pAW347
Ste7NPbs2KD pRS314 AdhI 3XHA pAW348
Ste7 pRS314 AdhI 3XHA pAW350
Ste5**_Ste7 pNH605c AdhI 3XHA pAW401
Ste5**_Ste7NMkk1KD pNH605 AdhI 3XHA pAW402
Ste5**_Ste7NMkk2KD pNH605 AdhI 3XHA pAW403
Ste5**_Ste7NPbs2KD pNH605 AdhI 3XHA pAW404
Ste5** pNH605 AdhI 3XHA pAW405
Ste5WT pNH605 AdhI 3XHA pAW406
a pRS316 is a low-copy yeast vector (CEN/ARS origin, URA3)
b pRS314 is a low-copy yeast vector (CEN/ARS origin, TRP1)
c pNH605 is an integration yeast vector created from pRS305 (LEU2)
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Strain Deletions Description
AZ107 Pbs2∆ W303 MATa, pbs2::KanR, his3, trp1, ura3, 

leu2, can1R, ade+
RB201 Ste5∆ W303 MATa, ste5::KanR, mfa2::pFus1-LacZ, 

his3, trp1, leu2, ura3, canR, ade+
RB203 Ste5∆ Ste11∆ W303 MATa, ste5::KanR, ste11::Trp1, 

mfa2::pFus1-LacZ, his3, leu2, ura3, 
can1R, ade+

RB211 Ste5∆ Fus3∆
Kss1∆

W303 MATa, ste5::Leu2, fus3::KanR, 
kss1::NatR, mfa2::pFus1-LacZ, trp1, 
ura3, his3, can1R, ade+

SH001 Ste5∆ Pbs2∆ W303 MATa, pbs2::KanR, ste5::Leu2, 
mfa2::pFus1-LacZ, his3, trp1, ura3,
canR, ade+ 

Maya12 W303 MATalpha, lys1-

Table 2.S2. Yeast strains used in this study

CB011
W303 MA Ta, ste5::KanR, mfa2::pFus1-GFP, 
bar1::NatR, far1∆, his3,trp1, leu2, ura3

Ste5∆ Far1∆
Bar1∆

Lys1∆
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Abstract 

The yeast Saccharomyces cerevisae uses a network of distinct mitogen activated 

protein (MAP) kinases to respond to external stimuli.  These distinct functional 

pathways are composed of closely related kinases that signal with specific 

upstream and downstream partners.  MAP kinase kinase (MAPKK) proteins acts 

as the central node within MAPK pathways.  Individual MAPKK identity is 

determined through a combination of its intrinsic catalytic specificity and more 

modular protein-protein interactions, including scaffold recruitment and docking 

interactions.  Previous work has elucidated that kinase identity can be made fluid 

through the addition of recruitment elements onto the catalytic domains of 

alternative kinases.  Here, we probe in greater detail the role that these 

recruitment elements provide to kinase identity conversion.  We find that the 

addition of the entire Ste7 amino terminus, and not just the docking interaction 

peptides, are required for the conversion of alternative kinases.  These 

interactions help insulate the kinase to a sole Ste7 identity; the kinases do not 

engage in cross-pathway behavior.  We also find that although the same 

recruitment interactions are used to convert the kinases, there are subtle 

differences in the temporal activity and level of flux of the different constructs.  

These results show that although recruitment interactions can play a dominant 

role in defining functional identity, the catalytic domains continue to play an 

intrinsic role in the actions of the kinases. 
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Introduction 

 Eukaryotic signaling pathways use multiple methods to ensure specificity 

and proper connectivity.  These mechanisms are required to guarantee the 

proper processing of external stimuli and to prevent pathway cross-talk.  

Misactivation of signaling pathways from the wrong stimulus can be fatal.  Protein 

kinases are a major currency of signaling and have evolutionarily diverged to 

exhibit enormous diversity [1] while retaining exquisite discrimination.  Here, we 

focus on the kinases within the yeast mitogen activated protein (MAP) kinase 

pathways. MAPK pathways are composed of a three-tiered cascade of kinases 

that sequentially phosphorylate one another to transmit signal (MAPKKK  

MAPKK  MAPK).  They are two main elements that are thought to organize 

MAPK pathways, scaffolds and docking interactions. 

   Scaffolds recruit multiple signaling partners in a pathway and are thought 

to contribute to signaling specificity and efficiency [2-4].  They can have spatially 

and temporally precise responses to stimuli.  Often, they create or reinforce 

linkages between proteins within a signaling complex.  The mating MAPK 

pathway scaffold, Ste5, has been well characterized.  It has separable binding 

sites for each member of the mating MAPK cascade [5-7].  Ste5 acts to recruit 

mating pathway members to the membrane after pheromone stimulus [8, 9].  

Scaffolds have been thought of as passive tethers that effectively increase the 

local concentration of components.  Previous studies have supported this model.  

Using modular PDZ domain pairs, Park and colleagues demonstrated that they 
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could re-recruit either the MAPKKK Ste11 or the MAPKK Ste7 to Ste5 mutants 

that are unable to bind its constituent kinases [10].  This re-recruitment enabled 

rescue of the mating phenotype.  More recently, the Ste5 scaffold has been 

demonstrated to have catalytic function with the MAPK Fus3 [11].  

MAPK docking motifs are generally found within upstream positive and 

negative regulators downstream substrates, and even scaffold proteins [12, 13].  

The motifs follow a general consensus sequence of a basic cluster followed by a 

phi-x-phi motif.  The mating MAPKK Ste7 contains two peptide sequences that 

match the putative docking consensus motif (R/K)1-2X4-6LXL within its amino 

terminus (Fig. 3.3A). These docking motifs, Ste7dock1 (LQRRNLKGLNLNL) [14] 

and Ste7dock2 (LRRGIKKKLNLDA) [15], bind to the MAPKs Fus3 and Kss1.  

They are essential for MAPK activation.  A constitutively active form of Ste7 

(Ste7EE, S359E and T363E mimick phosphorylated residues within the activation 

loop) [16] is unable to phosphorylate Kss1 in vitro in the absence of both docking 

sites [15].  The docking sites have different affinities (dock1, ~100nM; dock 2, 

~10 uM) but are redundant, as in the presence of either docking motif, Kss1 

phosphorylation can still occur.  These finding are in agreement with in vivo 

results that only loss of both docking sites abolishes information flow between 

Ste7EE and Kss1 [15].    

 Previously, we reported that these two interaction elements could be 

layered onto alternative yeast MAPKKs to convert their identities [Won, Chapter 

2].  Addition of scaffold tethering to Ste5 and the Ste7 amino terminus, which 
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contains two docking interaction motifs, to the kinase domains of alternative 

yeast MAPKKs Mkk2 or Pbs2 converts their functional identity to that of Ste7.  

We denote these tethered chimeric kinases as Ste5**_Ste7NMkk2KD and 

Ste5**_Ste7NPbs2KD.  Further, the addition of the two interaction elements onto 

the Mkk1 kinase domain does not convert its identity to that of Ste7.   

Here, we explore in finer detail the origins of the kinase identity switch.  In 

particular, are the docking interaction motifs the sole determinant for the kinase 

identity switch?  The layering of scaffold interaction plus the entire Ste7 amino 

terminus to the Pbs2 and Mkk2 kinase domains previously resulted in new 

alternative kinases with Ste7 identity (Won, Chapter 2).  Here we ask whether the 

use minimal docking sequences will be sufficient for altering kinase identity.  

Work by Tatebayashi et al. indicated that the addition of a minimal Pbs2 docking 

sequence to the N terminus of Ste7 was sufficient to force osmolarity signal from 

Ssk2/22 through the Pbs2_Ste7 fusion [17].  This work suggested that kinase 

domain incompatibility could be overcome through the addition of another 

specificity mechanism.  However, in replacing Ste7 function, we find that the 

minimal docking sequences are not sufficient.  Intrinsic to kinase identity is that 

signal flux is well partitioned; mis-activation of signaling pathways can be 

detrimental to the overall health of cells.  We probe whether these tethered 

chimeric kinases engage in cross-talk behavior and find that the 

Ste5**_Ste7NPbs2KD construct does not leak signal to the osmolarity pathway 

MAPK Hog1 when activated by pheromone, nor does is it when activated by salt 
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stress.  Finally, we probe the upstream and downstream interactions of the 

tethered chimeric MAPKKs to clarify their temporal kinetics and strength of 

reaction response.  We have determined that the Ste5**_Ste7NMkk2KD 

construct activates its downstream components in a timescale consistent with 

that of Ste7 but that the Ste5**_Ste7NPbs2KD construct has a much weaker and 

slower response.      

 

Results 

The amino-terminus of Ste7 is required for MAPKK identity switching 

The osmolarity MAPKK Pbs2 and the cell wall remodeling MAPKK Mkk2 

are capable of assuming the functional identity of the mating MAPKK Ste7 [Won, 

Chapter 2].  This identity conversion requires overlaying the amino terminus of 

Ste7 as well as tethering to a mutant Ste5 scaffold on top of the kinase domains 

of these alternate MAPKKS.  These two protein interactions methods were used 

as an artificial means to mimic normal Ste7 actions: scaffold recruitment to Ste5 

and interaction with downstream MAPKs Fus3 upon pheromone induction. 

In yeast, recognition of pheromone in the extracellular environment by the 

G-coupled protein receptors Ste2 (a cells) or Ste3 (α cells) activates a cascade of 

kinases (MAPKKK Ste11  MAPKK Ste7  MAPK Fus3) that sequentially 

phosphorylate each other [18, 19].  This signaling complex is organized on the 

scaffold protein Ste5 [5-7] that is essential to mating function.  Previously, Ste5 

was thought of as primarily a coordinating factor for the mating pathway kinases. 
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Studies using non-covalent interactions to re-recruit native kinases to mutant 

versions of Ste5 that are unable to bind either Ste11 (Ste5*, I504T) or Ste7 

(Ste5**, V763A/S861P) [20] have shown that simple co-localization of 

components is sufficient for a modicum of signal propagation [10].  Using a 

covalent interaction to re-recruit Ste7 to the mutant Ste5** results in wild-type 

mating efficiency (Fig. 3.1A) [Won, Chapter 2].  

Mating assessments performed using scaffold recruitment of alternative 

MAPKKs in the absence of the Ste7 amino terminus did not result in any 

appreciable mating.  Very low levels of mating efficiency were detected with the 

Ste5**_Pbs2 and Ste5**_Pbs2KD (Fig. 3.1B) but no mating was detected when 

testing Ste5**_Mkk2 or Ste5**_Mkk2KD.  In contrast, the simple addition of the 

Ste7 amino terminus resulted in full restoration of mating efficiency.  The mating 

assay has a functional phenotypic test that requires the coordination of entire 

cellular programs including well-characterized changes in cytoskeletal 

organization [19, 21].  We wanted to more closely examine the replacement 

kinases that did not show appreciable mating efficiency to determine if there was 

any flux was occurring within the mating pathway.  We hypothesized that these 

replacement kinases were competent to receive signal from Ste11 or pass it to 

Fus3 yet unable to trigger a full mating response. 

We stimulated cells with either Ste5** tethered to an alternative MAPKK or 

a chimeric kinase (Ste7 amino terminus attached) to α factor and assayed 

whether the constructs were able to phosphorylate native Fus3.  In wild-type 
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conditions, Ste7 can phosphorylate Fus3 within 5 minutes, with maximal 

phosphorylation occurring at approximately 30 minutes [22].  Here, we collected 

cells stimulated for 15 minutes and performed immunoblot analysis to determine 

Fus3 phosphorylation levels.  As expected, we failed to see any Fus3 

phosphorylation in cells harboring an alternative kinase without the Ste7 amino 

terminus, thus indicating that the Ste7 interaction motif is crucial in directly 

passing signal at the level of MAPKK to the MAPK (Fig. 3.2). 

 

Addition of the Ste7 docking peptides to a tethered alternative kinase is 

not sufficient to alter kinase identity          

Although the docking peptides are currently the only characterized 

interaction motif located within the amino-terminus of Ste7, additional connectivity 

elements that are responsible for transmission of mating signal may be contained 

in the rest of the amino terminus.  Thus, we isolated and tested the contribution 

of the Ste7 docking domain peptides in promoting signal specificity or efficiency.  

Previously, docking motifs have been shown to be sufficient to endow a new 

specificity profile.  Under wild-type conditions, the osmolarity pathway MAPKKKs 

Ssk2 and Ssk22 preferentially activate its native MAPKK Pbs2 and never activate 

Ste7 [23].  However, addition of a Pbs2 docking motif amino acid residues 46-56 

to the amino terminus of Ste7 results in the induction of a downstream Fus1-lacZ 

reporter gene upon salt stimulus [17].  This activation of a mating pathway 
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reporter indicated that the simple addition of a docking motif was sufficient to 

induce signaling cross-talk.   

We fused the Ste7 dock 1 (amino acids 1-30), Ste7 dock 2 (amino acids 

51-85), or a short sequence containing both docking peptides in the Ste7 amino 

terminus (amino acids 1-85), to the kinase domain of Pbs2 (Fig. 3.3A).  These 

chimeric dock kinases were then tethered to the Ste5** scaffold and introduced to 

Ste5Δ cells for subsequent mating assays.  To our surprise, in mating assays 

performed with these tethered chimeric dock kinases, these variants did not show 

any appreciable mating efficiency (Fig. 3.3B).  These results suggest that in the 

case of Ste7 identity, docking motifs are not sufficient to form an additional 

network connection.       

 

Introduction of Ste7 recruitment elements to alternative kinases does not 

result in cross-pathway activation 

Our previous results indicated that unlike the Pbs2 docking motif, the addition of 

the Ste7 docking motifs outside of the context of the rest of its amino terminus 

was not sufficient to promote cross-pathway activity.  We questioned whether 

cross-talk could occur between the converted tethered chimeric Pbs2 kinase, 

with the presence of the entire Ste7 amino terminus, and the osmolarity pathway.  

Previous results indicated that the Ste5**_Ste7NPbs2KD chimera was unable to 

protect either ΔPbs2 or ΔPbs2ΔSte5 cells from osmotic stress (Won, Chapter 2).  

However, the Ste7NPbs2KD chimeric kinase was able to rescue ΔPbs2 cells.  
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This result raises the possibility that Pbs2 may be only partially converted when 

the Ste7 docking sites are fused to the Pbs2 kinase domain; the additional 

presence of the Ste5 scaffold may further insulate the Ste7NPbs2KD chimera 

from acting in the osmotic stress pathway.   

To determine whether any leakage of signal, or cross-pathway activation, 

was occurring, we profiled MAPK phosphorylation levels after introduction to 

stimulus.  We introduced the Ste5**_Pbs2 and Ste5**_Ste7NPbs2KD constructs 

to cells that were deficient in both Ste5 and Pbs2 (Ste5Δ Pbs2Δ).  We stimulated 

the cells with either salt (1M KCL) or pheromone (15uM α factor), collected them 

after 15 minutes, and performed immunoblot analysis.   

To determine mating pathway activation after osmotic stimulation, we 

subjected the cell lysates collected after 1M KCL stimulation to immunoblot 

analysis using an anti-phospho p44/42 antibody to probe the membrane.  This 

antibody was raised against mammalian Erk1/2 but recognizes Fus3 and Kss1.  

As negative controls, we probed whether osmotic induction of cells with either 

Ste5 or Pbs2 would lead to Fus3 or Kss1 phosphorylation.  Neither showed 

phosphorylation of the MAPKs in question.  As a positive control, we subjected 

cells with Ste5 to α factor induction and confirmed preferential phosphorylation of 

Fus3 after stimulation.  No phosphorylation of either mating MAPK Fus3 or 

filamentation MAPK Kss1 was seen after osmotic stimulation in the cells with 

either Ste5**_Pbs2 or Ste5**_Ste7NPbs2KD, indicating there was no leakage of 

signal from the osmolarity pathway (Fig. 3.4A).   

79



 

To determine osmotic pathway activation after α factor stimulation, we 

subjected cell lysates collected after stimulation to immunoblot analysis and 

subsequent probing with an anti-phosho-p38 antibody.  This antibody recognizes 

phosphorylated Hog1. As expected, introduction of α factor to Ste5 containing 

cells did not result any activation of the osmolarity pathway (Hog1 

phosphorylation).  However, we noted that introduction of Pbs2 leads to 

persistent basal levels of Hog1 phosphorylation (Fig. 3.4B).  The addition of 

osmotic stress does significantly increase levels of Hog1 phosphorylation, 

whereas α factor addition decreases the level of phosphorylation.  The addition of 

Pbs2 tethered to the mutant Ste scaffold, Ste5**_Pbs2, phosphorylated Hog1 

both in the presence and absence of α factor.  Addition of Ste5**_Ste7NPbs2KD 

did not lead to the detection of any Hog1 phosphorylation in the presence or 

absence of α factor (Fig. 3.4B).  This result confirms that the 

Ste5**_Ste7NPbs2KD kinase functionally identifies as Ste7 and does not retain 

any Pbs2 functionality.    

 

Mating pathway interactions of the converted MAPKK Ste5**_Ste7NPbs2KD  

Thus far, we have clarified that the entire Ste7 amino terminus is needed 

for MAPKK conversion; presence of just the docking peptides is not sufficient. 

Further probing the activity of the Ste5**_Ste7NPbs2KD kinase after introduction 

of either pheromone or osmolarity stimulus, we find that the converted 

Ste5**_Ste7NPbs2KD kinase does not exhibit cross-pathway activity and is, for 
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all intents and purposes, a Ste7.  Next, we questioned whether the chimeric 

kinase interacted with proper mating pathway components: is it phosphorylated 

by Ste11 and does it, in turn, phosphorylate Fus3?   

Previously, we reported that the tethered chimeric kinases require Ste11 

for a functional mating phenotype.  Ste5ΔSte11Δ cells harboring 

Ste5**_Ste7NPbs2KD or Ste5**_Ste7NMkk2KD are incapable of mating (Won, 

Chapter 2).  Although this result indicated that Ste11 was genetically necessary 

for the activation of the chimeric kinases, no direct physical evidence support that 

Ste11 was directly involved in the phosphorylation of the alternative MAPKK, or 

that the alternative kinases were phosphorylated at all.  To do so, we tried two 

approaches, mass spectrometry and gel shift analysis.  Efforts to analyze yeast 

phosphoprotein profiles have been undertaken by many groups in recent years.  

The dynamic phosphorylation profiles of both Hog1 and Fus3 have been 

analyzed by mass spectrometry [22, 24].  Recent genome wide phosphoprotein 

profiling efforts using mass spectrometry have included an evolutionary analysis 

of phosphoregulation amongst three yeast species [25].   Large-scale analysis of 

yeast phosphorylation sites have also been employed to decipher protein kinase 

specificity [26].   

To directly detect Ste11 involvement in the phosphorylation of the chimeric 

kinases, we co-expressed the alternative chimeric kinase Ste5**_Ste7NPbs2KD 

in cells with pGAL_Ste11-4 [27], a constitutively active version of Ste11 inducible 

upon galactose addition.  After galactose induction, we purified the 
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Ste5**_Ste7NPbs2KD from yeast lysates and digested it using trypsin to create 

peptides amenable to reverse phase liquid chromatography mass spectrometry 

analysis.  While we were able to accurately identify peptides belonging to Ste5, 

we were unable to sufficiently cover the protein due to the large size of the 

tethered scaffold and kinase protein (Sup. 3.1).  Additionally, none of the 

peptides that we were able to identity contained a phosphate moiety.  As such, 

we are currently trying alternative methods to detect direct phosphorylation of the 

chimeric kinases (Future Directions). 

Within the mating pathway MAPK cascade, the MAPKK Ste7 

phosphorylates the MAPK Fus3 in response to α factor stimulus.  Previously, we 

determined that the tethered chimeric MAPKKs require either the mating MAPK 

Fus3 or the filamentation MAPK Kss1 to complement a mating defect (Won, 

Chapter 2).  Additionally, we noted that both Ste5**_Ste7NMkk2KD and 

Ste5**_Ste7NPbs2KD activated a downstream mating reporter (Fus1-GFP).   

Thus, we wanted to assess the ability of tethered chimeric kinases to 

phosphorylate either Fus3 or Kss1.  Although exposure to pheromone natively 

activates the mating pathway and leads to Fus3 phosphorylation, Kss1 can also 

be activated under these conditions [28-30].  We subjected cells containing the 

alternative chimeric kinases to α factor and noted that although the 

Ste5**_Ste7NMkk2KD kinase phosphorylated Fus3 within 15 minutes, the 

Ste5**_Ste7NPbs2KD did not (Sup. 3.3).  These results corroborate the 

downstream transcriptional Fus1-GFP data (Won, Chapter 2).  We have 
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extended the transcriptional Fus1-GFP data to include a timecourse of activity 

(Sup. 3.2).  Additionally, these results also illuminate some of the transcriptional 

findings as here, we also detected higher basal phosphorylation of Fus3 in cells 

containing Ste5**_Ste7NMkk2KD and Ste5**_Ste7 but not in cells containing a 

replaced wild-type Ste5.    

Others have hypothesized that tethering of a pathway kinase to its scaffold 

can generate pathway flux through bringing two components in close proximity 

[10, 31].  However, this methodology may not allow some components any 

freedom to achieve natural stereochemical orientations, thus potentially delaying 

reaction kinetics [10].  To examine this possibility, we analyzed the 

phosphorylation profile of Fus3 using immunoblotting at various time points for up 

to three hours (Sup. 3.2).  Using our methods, we were unable to detect any 

phosphorylation of Fus3 during the extended timecourse.  Currently, we are 

working on methods of isolating Fus3 from the whole cell extract (Future 

directions). 

 

Discussion and Future Directions 

 

 We previously reported that layering two Ste7 recruitment interactions, 

tethering to the mating pathway scaffold protein Ste5 and covalent fusing of the 

Ste7 amino terminus, which contains docking interaction peptides to the MAPK 
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Fus3, was sufficient to convert alternate MAPKKs to a functional Ste7.  Here, we 

probe in finer detail the origins of the kinase identity switch.   

First, we report on the requirements of one of the entire Ste7 amino 

terminus as a recruitment mechanism.  We note that in addition to not being able 

to recapitulate mating efficiency, alternative kinases that are tethered to Ste5 but 

lack the Ste7 amino terminus do not show upstream flux in the pathway (no Fus3 

phosphorylation).  Further, tests to determine whether the addition of docking 

peptides alone to the tethered alternative kinases were sufficient to promote 

mating.  We failed to see any mating with these constructs and have determined 

that the docking peptides alone do not add sufficient Ste7 identity.  This finding is 

surprising on two levels.  First, previous work by another group indicated that the 

addition of a Pbs2 docking peptide to Ste7 was enough to allow Ste7 to receive 

signal from the osmolarity pathway MAPKKKs Ssk2 and Ssk22 [17].  Secondly, 

the docking sites within the Ste7 amino terminus remain the only protein-protein 

interaction motif in Ste7 outside of its kinase domain [15, 32].  One possibility 

may be that an as yet undiscovered recruitment or regulatory interactions exist in 

the Ste7 amino terminus, enabling it to function as the mating MAPKK.  Although 

Ste7 was first identified in 1986 [33], its docking motif interactions were not 

elucidated until only recently [15, 34].   Work is ongoing within the Lim Lab to 

determine how variation of multiple minimal docking sequences affects signal 

transmission between Ste7 and Fus3 (Garbarino, J, Noriega, T and Helman, H,  

– unpublished data).     

84



 

 We have also probed in finer detail the notion of the tethered chimeric 

kinases as functional Ste7 replacements.  We took two avenues to this approach.  

First, we probed cross-talk between the different MAPK pathways.  Secondly, we 

analyzed whether the MAPKK substitute was directly interacting with the 

upstream MAPKKK Ste11 as well as the downstream MAPK Fus3.  We also 

studied the transcriptional profiles of the chimeric constructs.    

 To answer the question of cross-talk, we performed experiments on the 

tethered chimeric MAPKK Ste5**_Ste7NPbs2KD, as we had well-characterized 

reagents and methods for testing osmotic response.  We noted that there was no 

cross-talk between the pathways; induction with α factor did not result in Hog1 

phosphorylation and induction with 1M KCL did not result in Fus3 or Kss1 

phosphorylation.  These results are consistent with previous results that indicated 

the Ste5**_Ste7NPbs2KD construct had fully converted to a Ste7 identity and 

was not able to receive osmotic pathway signals.  Surprisingly, we did see basal 

levels of Hog1 phosphorylation in cells expressing either Pbs2 or Ste5**_Pbs2. 

The detection of basal signaling into the Hog1 MAPK may be explained by the 

observation that Hog1 kinases that have their catalytic activity inhibited show 

strong phosphorylation even in the absence of external stimuli [35].  Normally, 

internal feedback mechanisms such as Hog1 and Pbs2 dephosphorylation by 

protein phosphatases act swiftly to regulate activity [36].  Here, it is possible that 

the presence of extra copies of Pbs2 disturbs the balance of phosphorylation and 
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dephosphorylation until the addition of external α factor stimuli requires greater 

inhibition of the osmolarity pathway.      

In probing upstream interactions on the tethered chimeric kinase with 

Ste11, we utilized methods to directly detect MAPKK phosphorylation levels. 

Although antibodies exist for detecting phosphorylation of the MAPKs Fus3, 

Kss1, Slt2 (cross-reacts with the anti-phospho p44/p42 antibody used to detect 

Fus3/Kss1) and Hog1, few antibodies exist for detecting phosphorylated 

MAPKKs or MAPKKKs.  Previous efforts to create an antibody against 

phosphorylated Ste7 were unsuccessful (Bhattacharyya, personal 

communication).  As such, we decided to test detection of phosphorylated 

peptides through mass spectrometry.  As an aside, Cell Signaling has recently 

released a phospho-MEK antibody that has some ability to recognize yeast 

phosphorylated MKK1 and Mkk2 (personal communication, P. Pryciak).  Due to 

its large size (the Ste5 protein alone is 102 kDa and the MAPKKs add an 

additional 67 kDa), we were able to detect only a fraction of the peptides 

encompassing the tethered chimeric kinase.  Further, we did not detect any 

phosphorylated residues.  Though the mass spectrometry trials proved 

disappointing, we are currently utilizing other methods to determine whether 

Ste11 directly phosphorylates the chimeric kinase.  We hope to isolate sufficient 

amounts of the tethered chimeric kinase to be able to detect a gel shift using 

SDS-PAGE analysis after activation by α factor.  These experiments remain 

tricky because the shift may be very slight. One thought is to use Diamond 
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staining to identify whether the chimeric kinase is phosphorylated after 

stimulation.  Another thought is to use Phos-Tag gels to detect whether the 

exposure to pheromone stimulus results in quantifiable phosphorylation changes 

to chimeric kinase [37, 38].  These assays, especially the use of the Phos-Tag 

moiety, remains technically challenging.    

In probing for downstream interactions with the MAPK Fus3, we noted that 

the tethered chimeric kinase potentially activated the mating pathway on a slower 

timescale than under native conditions (10 minutes).   Thus, we assayed Fus3 

phosphorylation for up to three hours but did not note any additional increase 

over basal state phosphorylation.  This lack of phosphorylation is surprising since 

we are able to detect downstream mating using the construct but unsurprising in 

the context of the limited transcriptional activity from the construct.  We 

previously noted that in Ste5ΔFus3ΔKss1Δ cells, we could not detect any mating 

with these constructs.  One possibility may be that the kinetic profile of this 

construct is even slower than the 3 hours we are assessing.  We are currently 

increasing the timeframe of the experiment and assaying Fus3 phosphorylation 

for up to 7 hours after activation.  The abundance of phosphorylated Fus3 is also 

quite low in comparison to other cellular proteins.  One reason we may not have 

been able to detect phosphorylation is not that it is not occurring, but rather, that 

its signal is too low for our detection methods.  Thus far, we have been loading 

whole cell lysate into our gels to assess Fus3 phosphorylation.  Efforts to isolate 

Fus3 from the rest of the cellular extract using immunoprecipitaton methods are 
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underway.  Through decreasing other proteins and increasing the protein load to 

largely Fus3, we hope to increase the Fus3 phosphorylation signal to a range 

detectable by the anti-phospho-p44/p42 antibody.  Further, we are investigating 

the ability of the tethered alternative kinases to phosphorylate a Fus3 substrate in 

vitro using a TruLight assay [11, 39]. 

Though we have been able to convert two alternative yeast MAPKKs, 

Pbs2 and Mkk2, to a functional Ste7, several differences remain in their 

identities.  Of the MAPKKs that were converted, the Ste5**_Ste7NMkk2KD, 

construct is the most suited to be the MAPKK for the mating pathway after Ste7.  

The timing and magnitude of response is very similar to that of Ste7.  However, 

Ste5**_Ste7NPbs2KD, while being able to achieve the functional mating identity 

of Ste7, has either a much slower or weaker response to stimulation.  These 

differences indicate that despite using a toolbox of parts to impart identity 

changes, some properties are not elastic.  Substantial contributions may come 

from specificity encoded within the catalytic domain that cannot be altered or 

used as modular parts to recreate signaling pathways.    

 

Materials and Methods 

Constructs and Strains 

Yeast strains used in this study are described in Table 3.S2.  Standard 

gene disruption techniques were used to create the knockouts.  The Ste11-4 

construct used to drive expression of Ste11 after galactose induction was a gift 
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from the Pryciak lab and has been previously described [40].  This construct was 

inserted into the RB201 Ste5Δ strain in the histidine locus.   

The plasmids used in this study are the same as those described in Table 

3.S1. All plasmids used in the mating assays were constructed using the pRS316 

CEN-ARS unless otherwise noted.    Promoters were amplified from S. cerevisiae 

genomic DNA using 500 bp upstream (Ste5) or 1400 bp ustream (AdhI) 

sequence. To determine expression of the constructs, three tandem copies of the 

HA epitope were fused to the C-terminus of the kinases.  

Domain determination. MAPKK sequences were obtained from the 

Saccharomyces Genome Database (http://www.yeastgenome.org/).  The 

sequences were entered into the Simple Modular Architecture Research Tool 

(SMART) (http://smart.embl-heidelberg.de/) to determine the kinase domain 

boundaries.  Using the SMART results, each MAPKK was split into two pieces, a 

N-terminus (a.a. 1 to start of kinase domain), and a kinase domain (start of 

kinase domain to end of protein).   

Alternative kinase constructs.  Full-length alternative MAPKKs (Mkk1, Mkk2, 

Pbs2) or kinase domains only (Mkk1KD, Mkk2KD, Pbs2KD) were amplified from 

S. cerevisiae genomic.  The chimeric kinases  (Ste7NMkk1KD, Ste7NMkk2KD, 

Ste7NPbs2KD) were created using two-step PCR.  The Ste7 N-terminus (a.a. 1-

191) and the alternative MAPKK kinase domains were amplified in separate 

reactions and fused using two-step PCR.  

Tethered alternative kinase constructs.  For Ste5**-MAPKK recruitment, the 
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alternative kinase constructs described above were fused C-terminal to the Ste5 

V763A/S861P mutant (Ste5**) using a Gly-Ser linker.  Control plasmids of either 

Ste5 wild-type (Ste5WT) or Ste5** were also created without a kinase fusion but 

with a HA epitope tag.  

For the fusions of the Ste7 docking sequences to the tethered Pbs2 kinase 

domain, portions of the Ste7 amino terminus (Ste7 dock1, a.a. 1-30; Ste7 dock2, 

a.a. 51-85; Ste7 dock1_2, a.a. 1-85) were fused to the Pbs2 kinase domain using 

two step PCR as previously described.   Descriptions of these plasmids can be 

found in Table 3.S1. 

 

Mating Assays 

Quantitative Mating Assays.  Mating assays have previously been described [41].  

Briefly, RB201, RB203, or RB211 transformants were grown to mid-exponential 

phase strains in selective medium at 30°C.  2 x 106 cells were mixed with 1ml 

(107) of Maya12 cells (α tester strain) and collected on a .45 uM nitrocellulose 

membrane (Whatman).  Filters were recovered on YPD medium for 5 hours.  

Cells were resuspended in YPD medium, serially diluted, and plated onto SD 

minimal or SD-lysine plates.  Colonies were counted after 2-3 days to determine 

mating efficiency.      

The mating assays in Fig. 3.1 were conducted using kinases driven by the Ste5 

promoter (pAW327, pAW328, pAW329, pAW330, pAW335, pAW336, pAW337, 

pAW338, pAW339).  The mating assays in Fig. 3.3 were conducted using 
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kinases driven by the AdhI promoter (pAW312, pAW313, pAW131, pAW132, 

pAW133). 

 

Anti-Phospho MAPK Western Assays 

Cells in mid-log phase (OD600 between 0.7-0.8) were treated with α-factor (15 

μM) or 1 M KCL and 25 mL of cultures were harvested at each time point by 

snap-freezing in liquid nitrogen.  Lysates were prepared using an adapted TCA 

precipitation method [42].  Briefly, ice-cold TCA solution (10 mM Tris.HCl, pH 8.0, 

10% Trichloroacetic acid (TCA), 25 mM NH4OAc, 1 mM Na2EDTA) was added 

to each pellet along with glass beads (1/2 of total volume).  Samples were 

vortexed 4 x 1 min at 4°C with 2 min rests on ice between bursts.  Lysates were 

moved to a new tube and centrifuged.  Proteins were recovered by boiling the cell 

pellets at 100°C for 5 minutes in resuspension buffer (0.1 M Tris.HCl, pH 11.0, 

3% SDS).  50 ug of lysate was used per lane for immunoblotting. Fus3 and Kss1 

were detected using a p44/42 antibody (Cell Signaling Technology).  Hog1 was 

detected using a p38 antibody (Cell Signaling Technology).  HA was detected 

using a mouse HA antibody (Pierce).  A secondary IRDye 800CW Goat Anti-

Rabbit IgG or Goat Anti-Mouse IgG antibody was used (Li-Cor).  Blots were 

visualized using the 800 nM channel of the Li-Cor Imaging System.   

All western blots were conducted using kinases on CEN/ARS plasmids driven by 

the AdhI promoter. 
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Flow cytometry. 

Analysis of Fus1:GFP expression by flow cytometry was conducted in 

CB011(ΔSte5ΔBar1ΔFar1) cells transformed with test kinases.  Triplicate culture 

were grown for ~ 12 hours to early-log phase and then diluted to OD600 = 0.01 in 

complete synthetic dropout media.  After 4 hours of growth at 30°C, cells were 

induced with 2 uM α factor (Genscript).  Aliquots were taken at each time point 

and mixed with cyclohexamide (5ug/mL) to stop protein translation in each 

culture.  Cells were sonicated; 10,000 cells of each culture were counted on a BD 

LSR-II flow cytometer.  GFP fluorescence was measured through excitement at 

488nm with a 100mW Coherent Sapphire laser.  Results were analyzed using 

FlowJo software.   

All flow cytometry samples were conducted on kinases integrated into the Leu2 

marker of the CB011 strain.  These kinases were driven by an AdhI promoter. 

 

Immunoprecipitation of kinases for mass spectrometry 

RB201 cells carrying a galactose-inducible Ste11-4 plasmid and transformed with 

test kinases were grown at 30 °C to mid-log phase (OD600 = 0.5) in a selective 

medium containing raffinose (2%, w/v) as a carbon source at 30 °C.  The cells 

were then induced by the addition of galactose to 2% (w/v) for induction and 

harvested after 3 hours.  200 mL of cells were harvested and resuspended in 

lysis buffer containing 

125 mM Tris HCL pH 7.4, 375 mM NaCl, 250 mM NaF, 12.5 mM EDTA pH 8.0, 
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2.5% NP-40, 75 mM Na2S205, protease inhibitors (leupeptin 5 μg/mL, chymostatin 

5 μg/mL, pepstatin 5μg/mL, PMSF 1 μg/mL) and phosphatase inhibitors (Pierce).  

Pellets were incubated at 25 °C for 20 minutes on a rotator platform and then 

centrifuged at 14,000 rpm for 10 minutes at 4°C. The cleared lysate were mixed 

with anti-HA agarose beads (Covance) and incubated at 4 °C for 1 hour by gentle 

rocking motion. Beads were washed three to five times with 0.6 mL of ice-cold 

TBST buffer. The washed beads were resuspended in SDS sample buffer (50 

μL), loaded onto SDS-PAGE gels, and detected using silver staining.  Bands 

were cut out and held in water until mass spectrometry (Juan Oses-Prieto, 

Burlingame Lab, UCSF). 
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Figure 3.1 Use of Ste7 recruitment interactions converts alternative 
MAPKK identity.  A. Outlined in boxes are the methods utilized by Ste7 for 
network connectivity: active site recognition, docking interactions, and 
interactions with a scaffold. Shown are quantitative mating assays with Ste7 
recruitment mutants.  Mating efficiencies were normalized to that of Ste5 (wild-
type) and background mating efficiency is  10-4 (A and B). Re-recruitment of 
Ste7 to the Ste5 scaffold recapitulates mating efficiency to wild-type levels.  B. 
Quantitative mating assays with alternative MAPKK constructs.  Layering of 
Ste7 interaction motifs onto alternative kinase domains is sufficient to convert 
kinase identity. 
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Ste7N

Mkk2KD Mkk2
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α factor:

- + - + - +α factor:

Figure 3.2.  The Ste7 N terminus is required to convert MAPKK identity. 
Mating flux directly assayed by immunoblot detection of phosphorylated 
endogenous Fus3. Cells were collected before (-) and after (+) introduction to 
15uM  factor for 15 minutes.  The antibody (anti-phospho p44/42) also detects 
phosphorylation of the semi-redundant MAPK Kss1 (just above Fus3 band).  
Fus3 is not phosphorylated in the absence of the Ste7 amino terminus. 
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Figure 3.3.  Addition of the Ste7 docking peptides to a tethered alternative 
kinase is not sufficient to alter kinase identity.  A.  Schematic of Ste7, Pbs2, 
and tethered chimeric kinase constructs. Ste7 is colored green, Pbs2 is colored 
purple, and the two docking motifs within the Ste7 amino terminus are colored 
black and grey.  B. Quantitative mating assays with docking sites fused to the 
tethered alternative kinases.  Mating efficiencies were normalized to that of Ste5 
(wild-type) and background mating efficiency is  10-4.  The chimeras with the 
limited docking motifs were unable to mate unlike the chimera with the full Ste7 
amino terminus. 
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Figure 3.4.  Introduction of Ste7 recruitment elements to the alternative 
kinases does not result in cross-pathway activation.  A.  Cross-pathway 
flux as analyzed by Fus3 and/or Kss1 phosphorylation after osmotic stimulation 
by 1M KCL.  Cells were collected before (-) and after (+) stimulation for 15 
minutes.  The Ste5**_Ste7NPbs2KD construct was unable to phosphorylate 
mating or filamentation pathway MAPKs after osmotic stimulation.  B.  Cross-
pathway flux as analyzed by Hog1 phosphorylation after pheromone 
stimulation.  Cells were introduction to 15uM  factor for 15 minutes and 
collected before (-) and after (+) stimulation.  Here, the Ste5**_Ste7NPbs2KD is 
insulated from cross-pathway flux by its forced co-localization with mating 
pathway components and does not leak signal to Hog1.   
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Ste5**_ Ste7NPbs2KD_3XHA, No galactose induction  
(peptides in red are the ones detected via mass spectrometry) 
 
Ste5** 
MVDMMETPTDNIVSPFHNFGSSTQYSGTLSRTPNQIIELEKPSTLSPLSR 
GKKWTEKLARFQRSSAKKKRFSPSPISSSTFSFSPKSRVTSSNSSGNEDG 
NLMNTPSTVSTDYLPQHPHRTSSLPRPNSNLFHASNSNLSRANEPPRAEN 
LSDNIPPKVAPFGYPIQRTSIKKSFLNASCTLCDEPISNRRKGEKIIELA 
CGHLSHQECLIISFGTTSKADVRALFPFCTKCKKDTNKAVQCIPENDELK 
DILISDFLIHKIPDSELSITPQSRFPPYSPLLPPFGLSYTPVERQTIYSQ 
APSLNPNLILAAPPKERNQIPQKKSNYTFLHSPLGHRRIPSGANSILADT 
SVALSANDSISAVSNSVRAKDDETKTTLPLLRSYFIQILLNNFQEELQDW 
RIDGDYGLLRLVDKLMISKDGQRYIQCWCFLFEDAFVIAEVDNDVDVLEI 
RLKNLEVFTPIANLRMTTLEASVLKCTLNKQHCADLSDLYIVQNINSDES 
TTVQKWISGILNQDFVFNEDNITSTLPILPIIKNFSKDVGNGRHETSTFL 
GLINPNKVVEVGNVHDNDTVIIRRGFTLNSGECSRQSTVDSIQSVLTTIS 
SILSLKREKPDNLAIILQIDFTKLKEEDSLIVVYNSLKALTIKFARLQFC 
FVDRNNYVLDYGSVLHKIDSLDSISNLKSKSSSTQFSPIWLKNTLYPENI 
HEHLGIVAVSNSNMEAKKSILFQDYRCFTSFGRRRPNELKIKVGYLNVDY 
SDKIDELVEASSWTFALETLCYSFGLSFDEHDDDDEEDNDDSTDNELDNS 
SGSLSDAESTTTIHIDSPFDNENATANMVNDRNLLTEGEHSNIENLETVA 
SSVQPALIPNIRFPLHSEEEGTNENENENDMPVLLLSDMDKGIDGITRRS 
SFSSLIESGNNCPLHMDYI 
Ste7N 
GSMFQRKTLQRRNLKGLNLNLHPDVGNNGQL 
QEKTETHQGQSRIEGHVMSNINAIQNNSNLFLRRGIKKKLTLDAFGDDQA 
ISKPNTVVIQQPQNEPVLVLSSLSQSPCVSSSSSLSTPCIIDAYSNNFGL 
SPSSTNSTPSTIQGLSNIATPVENEHSISLPPLEESLSPAAADLKDTLSG 
TSNGNYIQLQDL 
Pbs2KD 
EFLDELGHGNYGNVSKVLHKPTNVIMATKEVRLELDEA 
KFRQILMELEVLHKCNSPYIVDFYGAFFIEGAVYMCMEYMDGGSLDKIYD 
ESSEIGGIDEPQLAFIANAVIHGLKELKEQHNIIHRDVKPTNILCSANQG 
TVKLCDFGVSGNLVASLAKTNIGCQSYMAPERIKSLNPDRATYTVQSDIW 
SLGLSILEMALGRYPYPPETYDNIFSQLSAIVDGPPPRLPSDKFSSDAQD 
FVSLCLQKIPERRPTYAALTEHPWLVKYRNQDVHMSEYITERLERRNKIL 
RERGENGLSKNVPALHMGGLAAADQDIHTMYQTMRDRVTPTTSPTTPAPA 
TPTTSLIMLVLVVL 

A  Unstimulated (no galactose induction) of:
 

 
 

 

 

 

 

 

 
 
 
 

 
Ste5**_ Ste7NPbs2KD_3XHA,  galactose induction  
(peptides in red are the ones detected via mass spectrometry) 
 

 
 

 
 

 

 

 

 
 

B  Stimulated (galactose induction) of:

Ste5** 
MVDMMETPTDNIVSPFHNFGSSTQYSGTLSRTPNQIIELEKPSTLSPLSR 
GKKWTEKLARFQRSSAKKKRFSPSPISSSTFSFSPKSRVTSSNSSGNEDG 
NLMNTPSTVSTDYLPQHPHRTSSLPRPNSNLFHASNSNLSRANEPPRAEN 
LSDNIPPKVAPFGYPIQRTSIKKSFLNASCTLCDEPISNRRKGEKIIELA 
CGHLSHQECLIISFGTTSKADVRALFPFCTKCKKDTNKAVQCIPENDELK 
DILISDFLIHKIPDSELSITPQSRFPPYSPLLPPFGLSYTPVERQTIYSQ 
APSLNPNLILAAPPKERNQIPQKKSNYTFLHSPLGHRRIPSGANSILADT 
SVALSANDSISAVSNSVRAKDDETKTTLPLLRSYFIQILLNNFQEELQDW 
RIDGDYGLLRLVDKLMISKDGQRYIQCWCFLFEDAFVIAEVDNDVDVLEI 
RLKNLEVFTPIANLRMTTLEASVLKCTLNKQHCADLSDLYIVQNINSDES 
TTVQKWISGILNQDFVFNEDNITSTLPILPIIKNFSKDVGNGRHETSTFL 
GLINPNKVVEVGNVHDNDTVIIRRGFTLNSGECSRQSTVDSIQSVLTTIS 
SILSLKREKPDNLAIILQIDFTKLKEEDSLIVVYNSLKALTIKFARLQFC 
FVDRNNYVLDYGSVLHKIDSLDSISNLKSKSSSTQFSPIWLKNTLYPENI 
HEHLGIVAVSNSNMEAKKSILFQDYRCFTSFGRRRPNELKIKVGYLNVDY 
SDKIDELVEASSWTFALETLCYSFGLSFDEHDDDDEEDNDDSTDNELDNS 
SGSLSDAESTTTIHIDSPFDNENATANMVNDRNLLTEGEHSNIENLETVA 
SSVQPALIPNIRFPLHSEEEGTNENENENDMPVLLLSDMDKGIDGITRRS 
SFSSLIESGNNCPLHMDYI 
Ste7N 
GSMFQRKTLQRRNLKGLNLNLHPDVGNNGQL 
QEKTETHQGQSRIEGHVMSNINAIQNNSNLFLRRGIKKKLTLDAFGDDQA 
ISKPNTVVIQQPQNEPVLVLSSLSQSPCVSSSSSLSTPCIIDAYSNNFGL 
SPSSTNSTPSTIQGLSNIATPVENEHSISLPPLEESLSPAAADLKDTLSG 
TSNGNYIQLQDL 
Pbs2KD 
EFLDELGHGNYGNVSKVLHKPTNVIMATKEVRLELDEA 
KFRQILMELEVLHKCNSPYIVDFYGAFFIEGAVYMCMEYMDGGSLDKIYD 
ESSEIGGIDEPQLAFIANAVIHGLKELKEQHNIIHRDVKPTNILCSANQG 
TVKLCDFGVSGNLVASLAKTNIGCQSYMAPERIKSLNPDRATYTVQSDIW 
SLGLSILEMALGRYPYPPETYDNIFSQLSAIVDGPPPRLPSDKFSSDAQD 
FVSLCLQKIPERRPTYAALTEHPWLVKYRNQDVHMSEYITERLERRNKIL 
RERGENGLSKNVPALHMGGLAAADQDIHTMYQTMRDRVTPTTSPTTPAPA 
TPTTSLIMLVLVVL 

Sup. Fig. 3.1.  Large molecular weight of the tethered chimeric kinase 
leads to insufficient mass spectrometry peptide coverage.  We introduced 
a mutant of Ste11 (Ste11-4) [43] to a Ste5  strain.  Ste11-4 is a constitutively 
active version of Ste11; the construct we introduced is under the control of a 
galactose-inducible promoter [40].  We expressed Ste5**_Ste7NPbs2KD tagged 
with a 3X hemagglutinin  epitope in these cells, induced the cells with galactose, 
and then immunoprecipitated the chimeric kinase.  The reaction was separated 
on SDS-gels, silver stained, and handed off to the Burlingame Lab, UCSF, for 
identification of peptides.  Here, we have denoted the peptides recognized by 
mass spectrometry in red.  Due to the large size of the protein, coverage is 
quite poor.  A.  Uninduced Ste5**_Ste7NPbs2KD.  B. Induced 
Ste5**_Ste7NPbs2KD. 
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Sup. Fig. 3.2. Tethered alternative kinases induce mating transcriptional 
reporter to varying degrees. Fus1-GFP induction profiles of strains 
transformed with the tethered alternative kinases.  Cultures were induced with 2 
uM  factor for three hours.  At each time point, cyclohexamide was added to 
each sample to inhibit protein synthesis. Samples were obtained every 15 
minutes; for simplicity, we have omitted every other timepoint (samples shown 
are those taken every 30 minutes).  GFP levels were analyzed using flow 
cytometry.   
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Sup. Fig. 3.3.  Fus3 phosphorylation via tethered chimeric kinases is not 
detectable at up to 3 hours.  Mating flux directly assayed by immunoblot 
detection of phosphorylated endogenous Fus3 for a longer timecourse to 
determine if Ste5**_Ste7NPbs2KD activates more slowly than Ste7. Cells were 
collected before (-) and after (+) introduction to 15uM  factor.  Samples were 
collected every 30 minutes for 3 hours.  No phosphorylation of Fus3 was seen, 
even after 3 hours. 
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Table 3.S1. Plasmids used in this Study
Description Parent Vector Promoter Epitope Tag Name
Ste5**_Mkk2KD pRS316a AdhI 3XHA pAW303
Ste5**_Pbs2KD pRS316 AdhI 3XHA pAW304
Ste5**_Ste7FL pRS316 AdhI 3XHA pAW305
Ste5**_Mkk1FL pRS316 AdhI 3XHA pAW306
Ste5**_Mkk2FL pRS316 AdhI 3XHA pAW307
Ste5**_Pbs2FL pRS316 AdhI 3XHA pAW308
Ste5**_Ste7NMkk1KD pRS316 AdhI 3XHA pAW309
Ste5**_Ste7NMkk2KD pRS316 AdhI 3XHA pAW310
Ste5**_Ste7NPbs2KD pRS316 AdhI 3XHA pAW311
Ste5** pRS316 AdhI 3XHA PAW312
Ste5WT pRS316 AdhI 3XHA pAW313
Ste5**_Ste7KD pRS316 Ste5 3XHA pAW327
Ste5**_Mkk1KD pRS316 Ste5 3XHA pAW328
Ste5**_Mkk2KD pRS316 Ste5 3XHA pAW329
Ste5**_Pbs2KD pRS316 Ste5 3XHA pAW330
Ste5**_Ste7NMkk1KD pRS316 Ste5 3XHA pAW335
Ste5**_Ste7NMkk2KD pRS316 Ste5 3XHA pAW336
Ste5**_Ste7NPbs2KD pRS316 Ste5 3XHA pAW337
Ste5** pRS316 Ste5 3XHA pAW338
Ste5WT pRS316 Ste5 3XHA pAW339
Ste5**_Ste7dock1_Pbs2KD pRS316 AdhI 3XHA pAW131
Ste5**_Ste7dock2_Pbs2KD pRS316 AdhI 3XHA pAW132
Ste5**_Ste7N1-85_Pbs2KD pRS316 AdhI 3XHA pAW133
Pbs2FL pRS314b AdhI 3XHA pAW347
Ste5**_Ste7 pNH605c AdhI 3XHA pAW401
Ste5**_Ste7NMkk1KD pNH605 AdhI 3XHA pAW402
Ste5**_Ste7NMkk2KD pNH605 AdhI 3XHA pAW403
Ste5**_Ste7NPbs2KD pNH605 AdhI 3XHA pAW404
Ste5** pNH605 AdhI 3XHA pAW405
Ste5WT pNH605 AdhI 3XHA pAW406
Ste11-4d Gal1 pG11-4
a pRS316 is a low-copy yeast vector (CEN/ARS origin, URA3)
b pRS314 is a low-copy yeast vector (CEN/ARS origin, TRP1)
c pNH605 is an integration yeast vector created from pRS305 (LEU2)
d pG11-4 is a constitutive Ste11 allele induced with a galactose promoter (40)
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Strain Deletions Description
RB201 Ste5∆ W303 MATa, ste5::KanR, mfa2::pFus1-LacZ, 

his3, trp1, leu2, ura3, canR, ade+

 
SH001 Ste5∆ Pbs2∆ W303 MATa, pbs2::KanR, ste5::Leu2, 

mfa2::pFus1-LacZ, his3, trp1, ura3,
canR, ade+ 

Maya12 W303 MATalpha, lys1-

Table 3.S2. Yeast strains used in this study

CB011
W303 MAT a, ste5::KanR, mfa2::pFus1-GFP, 
bar1::NatR, far1∆, his3,trp1, leu2, ura3

Ste5∆ Far1∆
Bar1∆

Lys1∆
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Sequences of MAPKK constructs/parts 
 
Ste7 N (amino acids 1-191) > 
ATGTTTCAACGAAAGACTTTACAGAGAAGGAACTTGAAAGGGCTCAATCT 
TAACCTGCACCCAGATGTGGGCAATAATGGCCAATTGCAGGAAAAGACAG 
AGACTCACCAGGGACAATCTCGAATAGAAGGCCACGTGATGTCTAACATT 
AATGCAATACAGAATAATAGCAACCTGTTTTTGCGAAGAGGCATAAAAAA 
AAAACTGACGTTGGATGCGTTTGGTGATGACCAAGCTATATCGAAACCAA 
ACACTGTGGTAATACAGCAACCGCAAAATGAACCTGTTTTAGTTCTGTCT 
TCTCTATCACAATCCCCGTGTGTATCATCATCATCATCTTTGTCCACGCC 
ATGCATTATAGATGCGTACAGTAATAATTTCGGATTATCGCCATCATCCA 
CGAATTCTACTCCCTCTACGATTCAGGGATTGTCCAATATTGCAACACCA 
GTTGAAAACGAACATTCGATATCACTACCACCTTTGGAGGAAAGCCTATC 
GCCAGCCGCAGCAGATCTGAAAGATACGTTGTCGGGAACTTCAAATGGTA 
ATTATATACAACTCCAGGAC 
 
Ste7 dock1 (amino acids 1-30) > 
ATGTTTCAACGAAAGACTTTACAGAGAAGGAACTTGAAAGGGCTCAATCT 
TAACCTGCACCCAGATGTGGGCAATAATGGCCAATTGCAG 
 
Ste7 dock2 (amino acids 51-85) > 
AATGCAATACAGAATAATAGCAACCTGTTTTTGCGAAGAGGCATAAAAAA 
AAAACTGACGTTGGATGCGTTTGGTGATGACCAAGCTATATCGAAACCAA 
ACACT 
 
Ste7 dock 1_2 (amino acids 1-85) > 
ATGTTTCAACGAAAGACTTTACAGAGAAGGAACTTGAAAGGGCTCAATCT 
TAACCTGCACCCAGATGTGGGCAATAATGGCCAATTGCAGGAAAAGACAG 
AGACTCACCAGGGACAATCTCGAATAGAAGGCCACGTGATGTCTAACATT 
AATGCAATACAGAATAATAGCAACCTGTTTTTGCGAAGAGGCATAAAAAA 
AAAACTGACGTTGGATGCGTTTGGTGATGACCAAGCTATATCGAAACCAA 
ACACT 
 
Mkk1 (kinase domain in red) > 
ATGGCTTCACTGTTCAGACCCCCAGAATCTGCGAAATGCAACCCAAACTC 
TCCTAGACTTAAACTGCCCCTCTTACGAAATAATCAGGTAGATGAAAATA 
ATATATACTTGACGTCGAATGGGAGTTCCACCACAGCTTACAGTAGCCAC 
ACCCCAGAACCACTGACCTCTTCCACATCGACACTTTTCTCCCAAACTCG 
ACTTCATCCTAGCGACTCTTCAATGACTTTAAATACAATGAAGAAGAGGC 
CTGCACCGCCATCTTTACCTTCGCTCAGCATAAATTCACAGTCTAAGTGC 
AAAACACTACCCGAACTCGTACCCATCGCCGATGTGTCTGATGGTAAACA 
TGATTTAGGATTGAAACAGCGTGTGATAGCCGAAAATGAGTTGTCTGGTA 
ATAGTGACTTAACCCCTTCATCGATGGCAAGCCCCTTTTCACATACAAAC 
ACCTCTTCTCCCTACCTCAGAAATGATCTGAGCAATTCAGTGGGATCTGA 
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CTTTTCAAATTTGATATCGGCATATGAACAAAGTTCAAGTCCCATCAAGT 
CATCGTCCCAGCCTAAATCATCTTCTGAATCGTACATAGACTTAAACAGT 
GTACGAGATGTTGATCAATTGGATGAAAATGGTTGGAAATATGCAAATTT 
AAAAGATAGGATCGAGACATTAGGCATTCTAGGAGAAGGAGCCGGTGGCT 
CTGTTTCCAAGTGTAAATTGAAAAATGGATCAAAAATATTCGCTTTAAAA 
GTGATAAACACATTAAATACAGATCCCGAGTATCAGAAGCAAATATTCAG 
AGAATTACAGTTTAATAGGAGTTTCCAATCCGAATATATCGTACGATATT 
ATGGAATGTTTACGGATGACGAAAACTCTTCAATTTATATTGCTATGGAG 
TACATGGGTGGGCGATCGTTGGATGCTATTTATAAAAATTTGTTAGAGCG 
TGGTGGTAGGATCAGTGAAAAAGTCCTGGGGAAGATTGCAGAAGCGGTAC 
TAAGAGGACTATCATATTTGCATGAAAAAAAAGTTATTCATAGAGATATT 
AAGCCCCAGAATATTTTACTGAATGAAAATGGTCAGGTGAAACTTTGTGA 
TTTTGGGGTCAGTGGAGAAGCCGTTAACTCGCTAGCCACAACATTCACGG 
GGACGTCATTCTATATGGCTCCAGAAAGGATTCAAGGTCAACCATACAGT 
GTCACATCTGATGTATGGTCACTTGGATTAACGATTTTGGAAGTGGCGAA 
CGGGAAATTTCCATGCTCTTCCGAGAAGATGGCAGCCAATATAGCTCCCT 
TTGAATTGTTAATGTGGATTTTAACATTTACTCCTGAATTAAAGGATGAA 
CCCGAATCTAATATCATATGGAGTCCATCATTCAAATCCTTTATCGACTA 
CTGTCTGAAAAAAGATAGTCGTGAACGGCCATCTCCAAGACAAATGATCA 
ATCATCCTTGGATAAAGGGTCAAATGAAAAAAAATGTCAATATGGAAAAA 
TTCGTGAGGAAGTGCTGGAAAGATTAA 
 
Mkk2 (kinase domain in red)  > 
ATGGCTTCAATGTTCAGACCACCAGAATCCAATAGGAGTCACCAAAAGAC 
TCCAAAATTAACGCTTCCAGTAAATTTAGTTCAAAATGCGAAATCCACTA 
ATGATGGGCAACATCTCAACCGGTCACCGTACTCGTCAGTGAACGAAAGC 
CCATACTCCAACAATAGCACTTCAGCTACTTCCACTACGTCATCCATGGC 
TTCAAATTCCACTTTGTTGTACAATAGATCATCTACTACAACTATTAAAA 
ATAGACCGGTACCACCTCCATTACCTCCCCTAGTACTAACGCAAAAAAAA 
GACGGTATAGAATATAGAGTTGCCGGCGATAGTCAGCTTTCTGAAAGATT 
TTCTAATTTGCATGTTGATATAACTTACAAGGAACTACTATCTAGTGCTC 
CAATTTCCACTAAGTTATCCAACATAGATACCACTTTTATCAAGAAAGAT 
CTCGACACACCAGAAGGCGAGGATTCATACCCCTCGACACTTCTTTCTGC 
GTACGACTTCAGCAGTAGCGGGAGCAACTCCGCCCCTTTAAGTGCAAATA 
ACATAATTTCTTGTTCCAACTTAATACAAGGAAAAGACGTAGACCAGTTA 
GAGGAAGAAGCATGGAGGTTTGGGCATCTCAAGGATGAGATTACTACACT 
AGGAATTCTAGGAGAAGGCGCGGGTGGTTCTGTAGCCAAGTGCCGATTAA 
AAAATGGAAAAAAGGTTTTTGCGTTGAAGACAATCAACACTATGAATACT 
GACCCAGAATATCAAAAGCAAATATTCAGAGAGCTACAATTTAATAAGAG 
TTTTAAGTCCGATTATATTGTGCAGTACTATGGTATGTTTACCGACGAAC 
AGAGTTCTTCAATATACATTGCCATGGAATATATGGGAGGAAAATCACTG 
GAGGCAACGTATAAAAATTTGTTGAAACGTGGCGGTAGAATAAGTGAGAG 
GGTGATAGGAAAGATAGCAGAATCTGTCTTAAGAGGTTTATCATACTTAC 
ACGAAAGGAAAGTCATCCACAGGGACATTAAACCCCAAAACATTCTTCTT 
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AATGAAAAAGGGGAAATCAAATTATGCGATTTCGGTGTCAGTGGGGAGGC 
TGTTAACTCTTTAGCGATGACATTTACTGGAACGTCATTTTATATGGCCC 
CAGAACGAATACAAGGCCAACCATACAGCGTAACCTGTGATGTATGGTCC 
TTAGGATTAACTCTTCTGGAGGTTGCTGGAGGGAGATTTCCATTTGAATC 
TGACAAAATAACGCAAAACGTGGCTCCTATAGAATTATTGACGATGATCC 
TGACGTTTTCTCCCCAGTTGAAAGATGAGCCAGAACTAGACATATCCTGG 
AGCAAGACATTTAGATCTTTTATCGACTATTGTTTAAAAAAAGATGCCAG 
AGAGAGGCCTTCTCCCAGGCAAATGTTAAAGCATCCCTGGATTGTAGGGC 
AAATGAAAAAAAAAGTCAACATGGAACGGTTTGTAAAGAAATGCTGGGAA 
AAGGAAAAGGATGGGATATAA 
 
Pbs2 (kinase domain in red)  > 
ATGGAAGACAAGTTTGCTAACCTCAGTCTCCATGAGAAAACTGGTAAGTC 
ATCTATCCAATTAAACGAGCAAACAGGCTCAGATAATGGCTCTGCTGTCA 
AGAGAACATCTTCGACGTCCTCGCACTACAATAACATCAACGCTGACCTT 
CATGCTCGTGTAAAAGCTTTTCAAGAACAACGTGCATTGAAAAGGTCTGC 
CAGCGTGGGCAGTAATCAAAGCGAGCAAGACAAAGGCAGTTCACAATCAC 
CTAAACATATTCAGCAGATTGTTAATAAGCCATTGCCGCCTCTTCCCGTA 
GCAGGAAGTTCTAAGGTTTCACAAAGAATGAGTAGCCAAGTCGTGCAAGC 
GTCCTCCAAGAGCACTCTTAAGAACGTTCTGGACAATCAAGAAACACAAA 
ACATTACCGACGTAAATATTAACATCGATACAACCAAAATTACCGCCACA 
ACAATTGGTGTAAATACTGGCCTACCTGCTACTGACATTACGCCGTCAGT 
TTCTAATACTGCATCAGCAACACATAAGGCGCAATTGCTGAATCCTAACA 
GAAGGGCACCAAGAAGGCCGCTTTCTACCCAGCACCCTACAAGACCAAAT 
GTTGCCCCGCATAAGGCCCCTGCTATAATCAACACACCAAAACAAAGTTT 
AAGTGCCCGTCGAGCGGTCAAATTACCACCAGGAGGAATGTCATTAAAAA 
TGCCCACTAAAACAGCTCAACAGCCGCAGCAGTTTGCCCCAAGCCCTTCA 
AACAAAAAACATATAGAAACCTTATCAAACAGCAAAGTTGTTGAAGGGAA 
AAGATCGAATCCGGGTTCTTTGATAAATGGTGTGCAAAGCACATCCACCT 
CATCAAGTACCGAAGGCCCACATGACACTGTAGGCACTACACCCAGAACT 
GGAAACAGCAACAACTCTTCAAATTCTGGTAGTAGTGGTGGTGGTGGTCT 
TTTCGCAAATTTCTCGAAATACGTGGATATCAAATCCGGCTCTTTGAATT 
TTGCAGGCAAACTATCGCTATCCTCTAAAGGAATAGATTTCAGCAATGGT 
TCTAGTTCGAGAATTACATTGGACGAACTAGAATTTTTGGATGAACTGGG 
TCATGGTAACTATGGTAACGTCTCAAAGGTACTGCATAAGCCCACAAATG 
TTATTATGGCGACGAAGGAAGTCCGTTTGGAGCTAGATGAGGCTAAATTT 
AGACAAATTTTAATGGAACTAGAAGTTTTGCATAAATGCAATTCTCCCTA 
TATTGTGGATTTTTATGGTGCATTCTTTATTGAGGGCGCCGTCTACATGT 
GTATGGAATACATGGATGGTGGTTCCTTGGATAAAATATACGACGAATCA 
TCTGAAATCGGCGGCATTGATGAACCTCAGCTAGCGTTTATTGCCAATGC 
TGTCATTCATGGACTAAAAGAACTCAAAGAGCAGCATAATATCATACACA 
GAGATGTCAAACCAACAAATATTTTATGTTCAGCCAACCAAGGCACCGTA 
AAGCTGTGCGATTTCGGTGTTTCTGGTAATTTGGTGGCATCTTTAGCGAA 
GACTAATATTGGTTGTCAGTCATACATGGCACCTGAACGAATCAAATCGT 
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TGAATCCAGATAGAGCCACCTATACCGTACAGTCAGACATCTGGTCTTTA 
GGTTTAAGCATTCTGGAAATGGCACTAGGTAGATATCCGTATCCACCAGA 
AACATACGACAACATTTTCTCTCAATTGAGCGCTATTGTTGATGGGCCGC 
CACCGAGATTACCTTCAGATAAATTCAGTTCTGACGCACAAGATTTTGTT 
TCTTTATGTCTACAAAAGATTCCGGAAAGAAGACCTACATACGCAGCTTT 
AACAGAGCATCCTTGGTTAGTAAAATACAGAAACCAGGATGTCCACATGA 
GTGAGTATATCACTGAACGATTAGAAAGGCGCAACAAAATCTTACGGGAA 
CGTGGTGAGAATGGTTTATCTAAAAATGTACCGGCATTACATATGGGTGG 
TTTATAG 
 
Ste7 (kinase domain in red) > 
ATGTTTCAACGAAAGACTTTACAGAGAAGGAACTTGAAAGGGCTCAATCT 
TAACCTGCACCCAGATGTGGGCAATAATGGCCAATTGCAGGAAAAGACAG 
AGACTCACCAGGGACAATCTCGAATAGAAGGCCACGTGATGTCTAACATT 
AATGCAATACAGAATAATAGCAACCTGTTTTTGCGAAGAGGCATAAAAAA 
AAAACTGACGTTGGATGCGTTTGGTGATGACCAAGCTATATCGAAACCAA 
ACACTGTGGTAATACAGCAACCGCAAAATGAACCTGTTTTAGTTCTGTCT 
TCTCTATCACAATCCCCGTGTGTATCATCATCATCATCTTTGTCCACGCC 
ATGCATTATAGATGCGTACAGTAATAATTTCGGATTATCGCCATCATCCA 
CGAATTCTACTCCCTCTACGATTCAGGGATTGTCCAATATTGCAACACCA 
GTTGAAAACGAACATTCGATATCACTACCACCTTTGGAGGAAAGCCTATC 
GCCAGCCGCAGCAGATCTGAAAGATACGTTGTCGGGAACTTCAAATGGTA 
ATTATATACAACTCCAGGACTTGGTTCAGTTGGGGAAAATTGGTGCTGGA 
AATTCTGGAACTGTGGTGAAGGCACTACATGTTCCTGATTCCAAAATAGT 
TGCCAAAAAAACCATTCCTGTGGAACAGAATAACAGTACAATCATCAACC 
AATTAGTTAGGGAATTATCTATCGTCAAAAACGTTAAGCCCCATGAAAAC 
ATTATCACCTTCTATGGAGCTTATTATAACCAGCATATAAATAATGAAAT 
CATAATTTTAATGGAATACTCTGATTGTGGTTCTTTAGATAAAATACTGT 
CCGTTTATAAAAGGTTTGTTCAAAGAGGGACTGTTTCGAGTAAGAAAACC 
TGGTTCAACGAATTAACAATATCAAAAATAGCGTATGGCGTACTAAATGG 
CTTGGATCATTTGTACCGACAATATAAGATCATTCATCGTGATATCAAGC 
CTTCCAATGTTCTGATTAATAGTAAGGGGCAGATTAAGTTATGTGATTTT 
GGAGTTTCCAAAAAACTAATAAATTCTATCGCTGATACATTTGTTGGAAC 
GTCCACTTATATGTCACCAGAGAGGATACAAGGAAACGTTTATTCTATCA 
AAGGGGACGTTTGGTCATTGGGCTTAATGATCATCGAGCTGGTAACTGGA 
GAGTTTCCCCTAGGTGGGCATAACGATACACCTGATGGCATATTGGATTT 
GCTGCAACGTATTGTCAACGAGCCTTCACCAAGATTACCCAAAGACCGTA 
TCTATTCCAAGGAAATGACAGATTTTGTCAATAGGTGTTGTATTAAGAAT 
GAAAGGGAAAGGTCATCGATTCATGAATTGCTACATCATGATCTTATAAT 
GAAATACGTATCACCGTCTAAAGATGATAAATTTAGACATTGGTGTAGAA 
AAATAAAATCTAAAATAAAGGAAGACAAGAGAATTAAAAGAGAAGCCTTG 
GACCGTGCCAAGTTAGAAAAGAAACAATCGGAAAGATCAACCCATTGA 
 
Ste5** (2285 t --> c, protein v --> a; 2578 t --> c, protein s --> p) > 
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ATGGAAACTCCTACAGACAATATAGTTTCCCCTTTTCACAATTTTGGTAG 
CTCGACACAATATAGTGGTACCTTGTCGAGAACTCCCAACCAAATAATAG 
AGCTAGAGAAGCCCAGTACTCTATCCCCATTGTCAAGAGGAAAAAAATGG 
ACGGAAAAGTTAGCCAGGTTCCAAAGAAGTAGTGCTAAAAAGAAAAGATT 
CTCACCTTCTCCTATTTCCTCCTCTACATTTTCGTTCTCACCCAAATCTA 
GGGTCACTTCTTCAAACTCTTCTGGCAATGAAGACGGTAACCTAATGAAT 
ACACCTTCTACGGTTTCCACTGATTATTTGCCACAACACCCTCACAGAAC 
ATCGTCTTTGCCAAGACCTAATTCCAATCTCTTTCACGCAAGTAATAGTA 
ACCTATCCCGAGCAAATGAGCCCCCAAGGGCCGAAAATTTATCAGATAAT 
ATACCACCCAAGGTCGCTCCATTTGGCTATCCAATACAAAGAACCTCTAT 
TAAAAAATCCTTTTTGAATGCTTCTTGTACGTTATGTGACGAGCCTATTT 
CTAACAGAAGAAAGGGAGAGAAAATTATAGAGCTTGCATGTGGCCACTTA 
AGTCACCAAGAATGTCTTATTATCTCTTTTGGCACCACTTCAAAGGCAGA 
CGTTCGTGCGCTATTTCCTTTTTGTACCAAATGTAAAAAAGATACTAACA 
AAGCCGTTCAATGCATTCCAGAAAATGATGAACTAAAGGATATTCTAATT 
TCTGATTTTTTGATTCATAAGATTCCTGATTCTGAGTTATCAATCACACC 
TCAGTCCCGCTTTCCTCCTTATTCACCACTCTTGCCTCCTTTTGGGTTAT 
CCTATACACCTGTTGAAAGACAAACGATATATTCTCAAGCTCCAAGTCTA 
AACCCAAATCTCATATTGGCTGCACCCCCCAAGGAAAGAAACCAAATTCC 
ACAAAAAAAATCAAACTATACATTTTTACATTCACCCCTGGGGCACAGAA 
GAATTCCGTCCGGAGCAAACTCTATCTTAGCAGACACCTCTGTAGCGTTG 
TCAGCTAATGATTCTATTTCTGCTGTTTCCAATTCGGTAAGAGCAAAGGA 
TGACGAAACCAAAACAACGTTGCCGCTGTTAAGGTCATATTTTATTCAAA 
TTCTTTTGAACAATTTCCAGGAAGAATTGCAGGATTGGAGAATAGACGGG 
GACTATGGATTACTAAGGTTGGTAGACAAATTGATGATTTCCAAAGATGG 
TCAGAGATATATACAATGCTGGTGTTTCTTATTTGAAGACGCATTTGTAA 
TAGCAGAAGTGGATAACGATGTTGATGTTTTGGAAATTAGACTAAAGAAT 
TTAGAAGTATTTACACCTATTGCCAACTTGAGAATGACTACACTCGAAGC 
TTCAGTACTCAAATGCACCTTAAATAAACAACATTGCGCCGATTTATCAG 
ATCTTTACATTGTTCAGAATATAAATTCTGACGAAAGCACAACTGTACAG 
AAATGGATATCAGGTATATTGAATCAGGATTTTGTATTCAATGAGGACAA 
TATCACTTCGACCCTGCCTATTCTTCCCATTATAAAGAACTTTTCAAAAG 
ATGTTGGTAATGGTAGGCACGAGACGAGTACCTTTCTAGGTTTAATCAAT 
CCTAACAAAGTTGTTGAAGTTGGAAATGTGCACGATAATGATACTGTAAT 
CATAAGGAGGGGATTCACCTTAAATTCAGGAGAATGTTCTAGGCAGAGTA 
CTGTCGACAGTATACAATCTGTTCTAACCACGATAAGCTCAATTCTTTCC 
CTTAAACGAGAAAAACCTGATAATTTGGCAATAATCTTACAGATCGATTT 
TACGAAATTGAAGGAAGAAGACAGTTTAATTGTTGTTTATAACAGTCTAA 
AAGCTTTAACCATTAAATTTGCGCGTTTGCAGTTTTGTTTCGTTGATCGA 
AATAATTATGTTCTGGACTATGGATCGGTATTACACAAGATAGATTCACT 
AGATTCCATCTCAAATCTCAAATCAAAGAGTTCCTCGACACAATTTTCAC 
CTATTTGGTTGAAAAATACTCTATATCCCGAAAATATTCATGAACATTTG 
GGTATTGTTGCTGTATCAAATAGTAATATGGAAGCAAAAAAATCCATACT 
ATTTCAAGATTACAGATGCTTTACAAGTTTTGGAAGAAGAAGGCCCAATG 
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AATTGAAGATTAAGGTGGGCTATTTGAACGTTGACTACAGTGATAAAATT 
GATGAACTAGTCGAGGCCAGCTCCTGGACTTTTGcTTTAGAAACTCTTTG 
CTACAGTTTCGGTCTAAGTTTTGATGAACATGATGACGATGACGAAGAGG 
ATAATGATGATTCGACCGATAATGAACTTGATAATAGTTCAGGATCACTG 
TCGGATGCTGAATCTACAACTACTATTCATATTGATTCTCCATTTGATAA 
TGAAAATGCTACCGCAAATATGGTGAATGACAGAAACCTTCTCACTGAGG 
GTGAACATAGCAATATAGAAAACTTAGAAACTGTCGCTTCTTCAGTACAG 
CCAGCTCTGATTCCTAATATTAGATTTcCACTTCATTCTGAGGAGGAAGG 
TACTAATGAAAATGAAAATGAAAATGATATGCCAGTATTATTACTTAGTG 
ATATGGATAAAGGAATCGATGGCATAACCAGACGCAGTTCATTCTCGAGT 
CTTATAGAGAGCGGTAATAACAACTGTCCCCTCCATATGGATTATATA 
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General Cloning Strategy (pRS316, pRS314, pNH605)

Restriction sites used within the Multiple Cloning Site:

ApaI/PspOMI - Xho1: promoter

XhoI - BamHI: Ste5 variant

BamHI - NotI: test kinase

NotI - SacII - epitope tag

SacII - SacI - AdhI terminator

Notes:  Due to internal XhoI sites in Ste5, cloning was achieved through
attaching a SalI site to the N terminus of Ste5.  SalI can ligate to a XhoI 
cut site, but ligation ultimately destroys the cloning site.
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Method 1.  Denaturing yeast lysate preparation, glass beads, TCA method 

Description: 

TCA whole cell extracts for phospho-MAPK analysis.  This method is a variation 

on a Dohlman Lab Protocol.  This method efficiently isolates yeast proteins from 

cells using an acidic extraction method (10% TCA).  The extremely low pH of the 

TCA solution inhibits protease and prevents protein degradation during the 

purification procedure. Addition of protease and phosphatase inhibitors is 

unnecessary.    This protocol can only be used for extracts intended for 

immunoblotting and cannot be used for extracts that are intended for pulldowns, 

etc.   

Protocol: 

1. Grow your strains to be tested overnight at 30°C in selective medium to 

maintain plasmid selection.   

2. Dilute cells back to OD600nm = 0.1 – 0.15 and grow for several doublings until 

OD600nm = 0.7 – 0.8.   

3. Collect 25 ml for each reaction condition by centrifugation at room 

temperature.  Wash pellet with 1X TE and resuspend pellet in a total volume 

of 250 ul with 1X TE.  Transfer cells to a 0.5 ml screw cap Eppendorf tube at 

this point.   

4. Let pellet rest at room temperature. 

5. Induce cells accordingly; snap freeze pellets in liquid nitrogen after reaction 

has completed and store at -70°C.  
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6. Thaw frozen pellet and spin at 4°C.  Remove supernatant.   

7. Add 300 uL of TCA buffer, on ice.  Add half volume of glass beads and vortex 

using a multi-vortexer in 4 x 1 min bursts.  Chill tubes on ice for 2 mins 

between vortexing. 

8. Pierce tubes with a needle and place inside of a 2 mL Eppendorf tube. 

Centrifuge for 10 min, 16,000 x g at 4°C to pellet the precipitated proteins and 

cell debris.  The precipitated proteins are collected in the 2 mL tube while the 

beads stay in the 0.5 mL tube.  After 10 minutes, remove the supernatant in 

each tube and spin for an additional 10 minutes, for as many rounds as 

necessary, until all of the lysate has cleared the upper tube and is pelleted in 

the 2.0 mL tube.   

9. Remove the supernatant by aspiration and resuspend the pellet in 150 uL of 

resuspension solution. 

10. Boil the samples for 5 minutes, then allow to cool at room temp for 5 minutes. 

11. Centrifuge the sample for 30 sec at 16,000 x g to pellet the cell debris.  

Transfer supernatant to a fresh microfuge tube. Measure protein 

concentration for 20 uL using the Bio-Rad DC Protein Assay kit for samples 

that contain detergent.  

12. Snap freeze pellets in liquid nitrogen and store at -70°C.  

 

Buffers: 

TCA Buffer 
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10 mM Tris.HCl, pH 8.0 

10% Trichloroacetic acid (TCA) 

25 mM NH4OAc 

1 mM Na2EDTA 

Buffer is extremely corrosive and the end pH is 1-1.5.  There is no need to 

sterilize.  Use caution when handling.  Store in amber bottles.  

 

Resuspension Buffer 

0.1 M Tris.HCl, pH 11.0 

3% SDS 

Lower concentrations of SDS do not adequately resuspend the proteins in 

solution.   

 

Method 2.  Anti-phospho Fus3/Kss1 or Hog1 immunoblots from yeast 

lysates 

Description: 

For Fus3/Kss1 detection, Cell Signaling cat #9101L was used.  This antibody 

was raised against dually phosphorylated (active) mammalian p44/42 MAPK.  

There are 2 lots, 23 and 26, with lot 23 recognizing both Fus3 and Kss1 equally 

well.  Lot 26 has a preference for Fus3.  (Information conveyed by personal 

communication from Jesse Zalatan, Lim Lab).  More recently, Cell Signaling has 

released a monoclonal antibody version.  Trial runs indicate this antibody is more 
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sensitive than #9101L.  Good separation between the Fus3 and Kss1 bands is 

key.  I have used a variety of Bis-Tris and Tris-Glycine gels, with 10% Tris-

Glycine being a very clear winner.  The gel MUST be within its expiration date; 

expired gels do not run lysates in the lanes crisply. 

For Hog1 detection, Cell Signaling cat #9211L was used.  This antibody was 

raised against dually phosphorylated (active) mammalian p38 MAPK.  Here, I 

generally use 10% Bis-Tris Novex gels with MOPS Buffer. 

Protocol: 

1. Prepare lysates according to the TCA extraction method and quantitate 

total protein. 

2. Load 50 ug total lysate per lane of a 12 well gel.  For best results, run gels 

using a low constant voltage (~125V).  

3. Transfer to a nitrocellulose membrane using semi-dry method using 70 

mAmps per gel. 

4. Perform antibody incubation using traditional methods or using the 

“Freedom Rocker,” an automated assembly that performs all steps.  Here, 

I describe the protocol entered when using the “Freedom Rocker.”  

Membranes are kept in foil wrapped containers because of the use of 

fluorescent secondary antibodies. 

5. Block membrane in 5% milk in TBST x 3 hour at RT. 

6. Primary incubation 1:1000 anti-p44/42-P (rabbit) or anti-p38-P (rabbit) for 

4 hrs at RT in 5% milk/TBST.   
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7. Wash 5 x 5 minute in TBST at RT. 

8. Secondary incubation 1:10000 anti-rabbit 800 in Odyssey Buffer (LiCor) at 

RT for 2 hrs. 

9. Wash 4 x 5 minute in TBST at RT. 

10.  Wash 2 x 5 minute in TBS at RT, keeping membrane in last addition of 

TBS if not exposing immediately. 

11. Expose using the LiCor Odyssey machine. 

 

Method 3.  Quantitative mating assay 

Description:   

 This method is adapted from a protocol from Guthrie and Fink, Guide to 

Yeast Genetics and Molecular Biology.  This protocol is quite fickle and requires 

careful handling of the cells.  Always use the freshest possible plates and cells.   

Protocol: 

1. Grow your strains to be tested overnight in selective medium at 30°C..  

Also grow the α tester strain overnight.  α tester cells should be streaked 

fresh from freezer stocks ~3 days before you plan to perform a mating 

assays. 

2. Dilute cells back to OD(600nm) = 0.1-0.15 and grow at 30°C.    

3. When cells reach OD(600nm) = 0.5, mix 2 x 106 cells of your strain with 1 x 

107 α tester cells.  Filter cells through a 0.45 micron nitrocellulose 

membrane.   
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4. Place filters cell side up on YPD plates for 5 hours. 

5. Resuspend filters in 3 mL of SD minimal media in a 14 mL round bottomed 

tube.  Vortex for 30 seconds at max speed.  The use of a pointed tip 15 

mL Falcon tube does not produce enough vortex action to successfully 

dislodge cells.   

6. Serially dilute the cells, and plate 100 ul of each serial dilution on either SD 

minimal (diploid selective) or SD lysine (selects against α cells).  Incubate 

at  30°C for 2-3 days.   

7. Count colonies by hand.  For those plates that are too dense, I have used 

a colony counting program I wrote in ImageJ. 

   

Method 3a.  Colony counting macros 

Description: 

Macros written automated colony counting run through Image J.  Plates were 

scanned on an Epson 1200 scanner at 300 dpi resolution, with 6 plates per 

image.  Each image was split and the red color channel was saved in as a .tiff 

file.   The macro calls the .tiff files and opens them one at a time.  For each one, 

the plate is detected and a circle is drawn around it.  The area outside is cropped 

and the image is threshholded to reduce counting of spurious colonies (dust, etc).  

Any colonies that are touching are split apart (watershed function) and then all of 

the colonies are counted.  Size limitations can be placed on what is counted.  An 

output file is generated with the total number of colonies counted for each plate.  
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To compare automated counted results with hand counting results, a plate image 

with all counted colonies outlined is saved.  

 
Main Colony Counting Macro – main macro that calls colonyanalyzefxn.txt 
 
//***** Function Definitions ***** 
 
function drawCircle(a) { 
       setTool(1); 
       makeOval(a[0], a[1], a[2], a[3]); 
} 
 
function processPlate(root,d,im,circ,processD,nameVar,outfile) { 
   open(d + im); 
   y = getTitle(); 
   drawCircle(circ); 
   run("Run...", "run = colonyanalyzefxn.txt"); 
   title1 = substring(y, 0, indexOf(y, ".tif")); 
   n=root + processD +"/"; 
   saveAs("Tiff", n+ "/" +title1 + nameVar); 
   run("Close"); 
   if (nResults>0) { 
     selectWindow(y); 
     run("Close"); 
   } 
 
   print(title1 + nameVar +  "," +nResults); 
 
   selectWindow("Log"); 
   saveAs("text", root + outfile ); 
} 
 
 
//***** Setting Global Variables ***** 
imagedirectory="currently processing"; 
processdirectory="process results"; 
 
outfile="Counting Output"; 
 
root="/”;  
d=root + imagedirectory +"/"; 
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circ1=newArray(30,5,622,620);               **test coordinates and check for each 
set** 
circ2=newArray(30,705,622,620); 
circ3=newArray(30,1405,622,620); 
circ4=newArray(720,6,622,620); 
circ5=newArray(720,705,622,620); 
circ6=newArray(720,1405,622,620); 
 
 
//***** Main Program ***** 
 
a=getFileList(d); 
 
print("Results Window"); 
 
for (i=0; i<lengthOf(a) ;i+=1) { 
 
 if (endsWith(a[i], ".tif")) { 
       processPlate(root,d,a[i],circ1,processdirectory,"_TL",outfile); 
     processPlate(root,d,a[i],circ2,processdirectory,"_ML",outfile); 
       processPlate(root,d,a[i],circ3,processdirectory,"_BL",outfile); 
       processPlate(root,d,a[i],circ4,processdirectory,"_TR",outfile); 
       processPlate(root,d,a[i],circ5,processdirectory,"_MR",outfile); 
       processPlate(root,d,a[i],circ6,processdirectory,"_BR",outfile); 
 } 
} 
 
print("Images in directory " + imagedirectory + " are processed."); 
print("Processed images can be found in " + processdirectory +"."); 
print("Colony numbers can are saved in file " + outfile + ".txt on the 
desktop."); 
print("Change extension .txt to .csv to view in Excel."); 
 
 
colonyanalyzefxn.txt Colony Analysis Macro 
 
run("Crop"); 
run("Subtract Background...", "rolling=30"); 
run("Color Picker..."); 
setForegroundColor(2, 2, 2); 
setBackgroundColor(2, 2, 2); 
run("Close"); 
makeOval(4,2,618,627);  **test coordinates and check for each set** 
run("Clear Outside"); 
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run("Color Picker..."); 
setForegroundColor(183,183, 183); 
setBackgroundColor(183, 183, 183); 
run("Close"); 
makeOval(20,15,50,40); 
run("Fill"); 
makeOval(550,15,50,40); 
run("Fill"); 
makeOval(20,580,50,40); 
run("Fill"); 
makeOval(550,580,50,40); 
run("Fill"); 
run("Select None"); 
setThreshold(30,180 );   **test thresholding and check for each set** 
run("Make Binary", "thresholded remaining black"); 
run("Watershed"); 
run("Watershed"); 
run("Analyze Particles...", "size=0.0009-0.02 circularity=0.25-1.00 
show=Outlines display clear include"); 
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