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Summary 

Signal transduction is indispensible for control of cell growth, differentiation, 

metabolism, and migration. Key regulators in signaling are protein kinases, a major 

superfamily of enzymes containing a kinase domain with a high degree of 

conservation across eukaryotes.  

Improper functioning of a protein kinase is commonly observed in diseases, 

especially cancer. Under normal conditions, they are capable of regulating the 

activity of proteins by attaching a phosphate group, mostly originating from 

adenosine triphosphate (ATP), to an amino acid with a free hydroxyl group; serine, 

threonine, or tyrosine.  

The simplest model organism to study eukaryotic protein kinases (ePKs) in is yeast, 

Saccharomyces cerevisiae (S. cerevisiae). It has a relatively small number of ePKs, 

namely 139, and is easy to manipulate and to keep under laboratory circumstances. 

Expression profiling by microarray can be used to study ePKs. This technique 

measures the relative abundance of mRNA. The method allows for clarification of the 

biological process in which an ePK is involved and of the mutual relationship among 

ePKs via clustering. A common strategy is to compare the transcriptome of a deletion 

mutant of a gene of interest with mRNA levels of wild type yeast. Expression profiling 

has been shown to be a useful tool when it comes to structure-function analysis of a 

large multisubunit complex, genetic epistasis with expression profiles as phenotype, 

and revealing the effects of regulatory kinase activity. 

Single deletions could not obtain an altered expression profile compared to wild type 

yeast for the majority of ePKs. Other attempts, like studying essential protein 

kinases with DAmP mutants, were also not sufficient to obtain specific expression 

signatures for all studied genes. A DAmP mutant has an antibiotics cassette in the 3 

prime untranslated region of a specific gene, resulting in destabilization of its mRNA. 

Only two out of 20 DAmP mutants gave a specific expression signature. These 

mutants had around fourfold decrease of mRNA level of the gene of interest. All the 

other mutants had about twofold decrease of mRNA level of the gene of interest. 

Further diminishment of mRNA levels of the essential protein kinases with an 

additional sequence could lead to more phenotypes. 

Still a group of 111 out of 139 protein kinases are without specific expression 

signature, due to either the essentiality of the ePK or the lack of a phenotype. A 

quarter of this remaining group could give a phenotype upon constitutively activating 

the protein kinase by mutating a specific amino acid. This is based on alignments of 

http://en.wikipedia.org/wiki/Cell_differentiation
http://en.wikipedia.org/wiki/Metabolism
http://en.wikipedia.org/wiki/Cell_migration
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the reported constitutively active point mutants with the pool of 111 protein kinases. 

As a query sequence the residue of interest was taken and 50 amino acids on either 

site.  

It is not necessary that the mutated protein kinase is fully active. Even a slight 

activation can rescue a certain phenotype, which indicates that it is sufficient to 

obtain a specific expression signature.  

Combining constitutively active protein kinases by mutating a conserved residue with 

expression profiling will lead to more knowledge about signal transduction by ePKs. 
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Introduction 

 

Protein kinases 

Kinases are used extensively to transmit signals and control complex processes in 

cells. These signals are essential to various processes, such as translation, control of 

cell growth, differentiation, metabolism, and migration [1-3]. Disrupted kinase 

activity is a frequent cause of disease, particularly cancer, where kinases regulate 

many aspects that control cell growth, movement, and death. An example of this 

phenomenon is the observation that mutated genes of receptor tyrosine kinases act 

as oncogenes [4, 5]. A high throughput study involving chromosomal mapping 

identified 244 kinases which map to disease loci or cancer amplicons. The overlap 

between the kinase chromosomal map and known disease loci points out 164 kinases 

which map to loci frequently mutated in cancer. Another 80 kinases map to loci 

mutated in other major diseases [6]. Their enormous diversity and indispensible role 

in signal transduction makes protein kinases attractive targets for drug design [7]. 

Kinases are enzymes capable of transferring phosphate groups from high-energy 

donor molecules, such as adenosine triphosphate (ATP), to target molecules in a 

highly specific manner. This process is termed phosphorylation and is reversible. The 

enzymes responsible for the removal of such a phosphate group are phosphatases. 

The largest superfamily of kinases is the group of protein kinases, which alter the 

activity of proteins. The chemical activity of a protein kinase involves removing a 

phosphate group from ATP and covalently attaching it to an amino acid with a free 

hydroxyl group. There are three such amino acids; serine, threonine, and tyrosine. 

Protein kinases can be divided into two classes: kinases which phosphorylate serine 

and/or threonine residues and kinases which phosphorylate tyrosine amino acids [8].  

 

Structure of protein kinases  

The structure of the catalytic core and the essential residues of the eukaryotic 

protein kinase (ePK) superfamily have been unraveled over a decade ago. 

Clarification of the structures of multiple protein kinases in the active and/or inactive 

state made comparison possible on structural level [9]. Although serine/threonine 

and tyrosine kinases phosphorylate different amino acids, the structure of the 

catalytic cleft of both groups is very similar [10]. 

This kinase domain of ePKs consists of 250 to 300 amino acids. Upon structure 

elucidation, twelve subdomains were identified (Fig. 1). These subdomains contain 

http://en.wikipedia.org/wiki/Cell_differentiation
http://en.wikipedia.org/wiki/Metabolism
http://en.wikipedia.org/wiki/Cell_migration
http://en.wikipedia.org/wiki/Oncogenes
http://en.wikipedia.org/wiki/High-energy_phosphate
http://en.wikipedia.org/wiki/Adenosine_triphosphate
http://en.wikipedia.org/wiki/Phosphorylation
http://en.wikipedia.org/wiki/Protein_kinase
http://en.wikipedia.org/wiki/Adenosine_triphosphate
http://en.wikipedia.org/wiki/Amino_acid
http://en.wikipedia.org/wiki/Hydroxyl_group
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highly conserved amino acids. Large stretches of residues are rarely found between 

the subdomains. The kinase domain as a whole has a two-lobed structure. Binding 

and rightly orienting ATP is the main function of the smaller N-terminal lobe 

(subdomains I-IV). The larger C-terminal lobe (subdomains VIa-XI) is predominantly 

involved in binding of the substrate and initiation of transfer of the phosphate group. 

Subdomain V is located in the flexible catalytic cleft between the two lobes [11]. 

 

 
Figure 1. Typical 300 amino acid protein serine/threonine kinase catalytic domain. The 12 conserved 

subdomains are indicated by Roman numerals. Consensus sequences found in the subdomains are shown 

with invariant or nearly invariant residues in bold. In conventional protein tyrosine kinases, the Kxx part of 

the motif in subdomain VIb is replaced by RAA or AAR [12]. 

 

Groups and families within the protein kinases 

The vast majority of eukaryotic protein phosphorylation is accomplished by ePKs that 

possess the conserved catalytic kinase domain (figure 1). A small minority is done by 

atypical protein kinases (aPKs), which are lacking overlap in sequence with ePKs. 

However, ePKs and aPKs share some structural features [13, 14]. The superfamily of 

ePKs is one of the largest protein families, covering 1.5 to 2.5% of all eukaryotic 

genes depending on the species [15]. Per species the superfamily of protein kinases 

is split up into groups, which are in turn parted into families and subfamilies. The 

overlap, gain, and loss of subfamilies between different species are depicted in figure 

2.  
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Figure 2. The tree above shows the distribution of kinase subfamilies across major phyla. Blue numbers 

indicate the number of subfamilies within a clade, and the black + and - numbers indicate birth and loss of 

subfamilies in each lineage. By this analysis, there were 53 distinct kinase functions in the early common 

ancestor of all these eukaryotes, and there has been much gain and loss since then. Most dramatically, 

the emergence of metazoans came with 76 new kinases classes, including the Tyrosine Kinase group; by 

contrast, yeast has lost 28 classes from its ancestral form (kinase.com). 

 

Conservation of ePKs across eukaryotic species 

To clarify the degree of conservation of ePKs among species a study was performed 

involving four eukaryotic species; yeast (Saccharomyces cerivisiae), worm 

(Caenorhabditis elegans), fly (Drosophila melanogaster), and human (Homo 

sapiens). Out of a total of 209 sequence-based subfamilies of the superfamily protein 

kinases, 51 turned out to be present in all four genomes [15]. 

Analysis revealed seven yeast-specific subfamilies consisting of 23 protein kinases in 

total (Figure 3). All of them are conserved between bakers yeast Saccharomyces 

cerivisiae (S. cerevisiae) and fission yeast Schizosaccharomyces pombe (S. pombe) 

[16]. These seven subfamilies predominantly function in osmotic and other stress 

responses, cell wall signaling, cell cycle, and transport of small molecules [17]. These 

processes are all specific for unicellular organisms. In addition to these subfamilies, 

nine unique yeast kinases have no close homolog in any of the other three 

organisms. The remaining 97 yeast protein kinases belong to 55 subfamilies that are 

shared with higher organisms (Figure 3). About 93 subfamilies are shared by worm, 

fly, and human, but not yeast. These metazoan-specific protein kinases are mainly 
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involved in developmental control, cell differentiation, and intercellular 

communication [15]. 

 

 

Figure 3. Distribution of the 209 kinase subfamilies among the four genomes [15]. 

 

S. cerevisiae as model organism for studying ePKs 

The most basic model organism for studying ePKs is budding yeast S. cerevisiae. It is 

one of the most intensively studied eukaryotic model organisms in molecular and cell 

biology. Multiple features contribute to the suitability of this organism for this 

purpose. The number of protein kinases in humans is estimated at more than a 

thousand [18]. The superfamilies of protein kinases and protein kinases-like of S. 

cerevisiae have a total of 139 genes (kinase.com). It is single celled, easy to culture 

and has a doubling time of around 1.5 hours at 30oC in rich media. Transformation of 

S. cerevisiae allows for addition and deletion of genes through homologous 

recombination. The ability of budding yeast to grow as haploids simplifies the 

creation of gene knockout strains. This model organism shares the complex internal 

cell structure with other eukaryotes, like plants and animals, but does not contain a 

high percentage of non-coding DNA. The genome of S. cerevisiae was the first 

eukaryotic genome that was completely sequenced. The genome is composed of 

about 13 million base pairs and 6,275 genes, compactly organized on 16 

chromosomes. Predicted is that about 23% of the yeast genes has a homologue in 

human. 

Yeast contains a relatively small amount of protein kinases. Based on sequence most 

kinases of this superfamily can be divided into five groups, namely: AGC, CaMK, 

http://en.wikipedia.org/wiki/Eukaryote
http://en.wikipedia.org/wiki/Model_organism
http://en.wikipedia.org/wiki/Molecular_biology
http://en.wikipedia.org/wiki/Cell_biology
http://en.wikipedia.org/wiki/Cell_biology
http://en.wikipedia.org/wiki/Genome
http://en.wikipedia.org/wiki/Base_pair
http://en.wikipedia.org/wiki/Gene
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CMGC, STE7/MEK, and STE11/20 [19]. The groups are further classified into several 

families and subfamilies (figure 4). 

 

 

Figure 4. Unrooted dendrogram of 112 protein kinases of Saccharomyces cerevisiae. Kinases that have 

been named or renamed since this dendrogram was first published[18] are shown in white text over black 

rectangles. Kinases that remain uncharacterized are shown in black text over gray rectangles. The major 

groups and families of protein kinases are shown in larger text [19]. 

Expression profiling by microarray 

Nowadays, a microarray consists of a glass slide with spots in array format 

containing oligos. Most commonly oligos of a single spot represent a specific gene by 

coding for part of its sequence. At present an array slide is printed by robot and one 

slide can cover a whole genome, each gene represented in one or even a couple of 

spots. This miniaturization of microarrays started in 1995 [20]. The first complete 

eukaryotic genome on a microarray was the genome of S. cerevisiae in 1997 

compromising ~6,200 genes [21].  

The technique is based on nucleotide-nucleotide hybridization. Both RNA and DNA 

http://en.wikipedia.org/wiki/Eukaryote
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samples can be used as samples for hybridization. Although this method can be used 

for all sorts of applications, it is mostly used for expression profiling, which was first 

described in 1987 [22]. The relative abundance of mRNA is measured by labeling two 

cDNA or RNA samples with a different fluorescent dye. These samples can for 

instance be a RNA isolation of mutated yeast and of wild type yeast. The latter one 

can be used as a reference. Afterwards the two samples are mixed and hybridized to 

the oligos of the array (figure 5). The effects of the dyes are excluded by performing 

a dye swap in which the samples are labeled with the other dye. By measuring the 

ratio of fluorescence between the two dyes, the relative levels of mRNA can be 

calculated [23]. 

 
Figure 5. Using DNA microarrays to monitor the expression of thousands of genes simultaneously. To 

prepare the microarrays, DNA fragments - each corresponding to a gene - are spotted onto a slide by a 

robot. Prepared arrays are also widely available commercially. In this example, mRNA is collected from 

two different cell samples for a direct comparison of their relative levels of gene expression; the two 

samples, for example, could be from cells treated with a hormone and untreated cells of the same type. 

These samples are converted to cDNA and labeled, one with a red fluorochrome, the other with a green 

fluorochrome. The labeled samples are mixed and then allowed to hybridize to the microarray. After 

incubation, the array is washed and the fluorescence scanned. In the portion of a microarray shown, which 

represents 110 yeast genes, red spots indicate that the gene in sample 1 is expressed at a higher level 

than the corresponding gene in sample 2; green spots indicate that expression of the gene is higher in 
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sample 2 than in sample 1. Yellow spots reveal genes that are expressed at equal levels in both samples. 

Dark spots indicate little or no expression in either sample of the gene whose fragment is located at that 

position in the array [24].  

 

This method has some prominent benefits. The approach has a systematic, unbiased, 

not hypothesis-driven character and can be used for mapping of the entire 

transcriptome in a highly specific manner [25, 26].  

It would be more accurate if the levels and modifications of proteins are measured. 

The technique of DNA arrays is much more advanced, precise, and reproducible, 

than any proteomic tool on a genome-wide scale [27]. mRNA levels are to some 

extent an indirect reflection of the functional state of proteins [28].  

The technique led to numerous scientific discoveries, for example the classification of 

different types of cancer, cancer diagnosis, and cancer prognosis [29, 30]. These 

findings facilitated the improvement of cancer treatment. The development of tools 

on the interface of the cancer field and microarrays is still in progress and more 

medical applications of expression profiling rapidly emerge. Another discovery 

involving microarrays was the change of copy number DNA in cell lines of breast 

cancer and in tumors [31, 32]. 

After the sequence of the genome of S. cerevisiae was available it became clear that 

there was a substantial number of unknown genes. An attempt to discover their 

function was done by expression profiling yeast genes under various growth 

conditions followed by clustering their behavior with a hierarchical algorithm [33]. 

The assumption was that function and expression pattern are highly correlated [34]. 

However, further research pointed out that the function of a gene is more precisely 

determined from the expression signature of yeast mutated in the gene of interest 

[35]. The idea arouse of deleting every single yeast gene and measuring the 

expression profile of each of these strains [36]. 

The key components of the machinery of yeast involved in the initiation of 

transcription were functionally mapped using microarrays [37]. These examples are 

just a small reflection of a long list of findings made possible by microarrays.  

A quite different application of the method is its capability to enlarge the insight in 

signaling mechanisms. Deletion mutants of all nonessential subunits of Mediator, a 

coregulator of RNA polymerase II transcription, were profiled. This multiprotein 

complex consists of 25 proteins and is arranged in four submodules, namely; head, 

middle, tail, and CDK. The resulting profiles could be divided into three groups; 

mutants with decreased transcription levels, mutants with increased transcription 
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levels, and mutants with no significant change compared to wild type. Via clustering, 

known structural characteristics such as the requirement of a certain subunit to 

anchore another, could be found again. If all deletion effects of a profile are 

preserved in another profile, it suggests that the first protein is anchored by the 

second. Some deletions resulted in very similar profiles indicating a functional and/or 

physical interaction. Known interactions were identified in this way. Anticorrelation of 

profiles suggests antagonistic roles of submodules within the same complex on the 

same set of genes. It was also shown, that the use of expression profiling can 

distinguish between mutants acting in a serial pathway and mutants acting in a 

separate pathway. If the profile of the double mutant is dominated by one of the 

profiles, it means that that profile is of the downstream target. If the profile of the 

double mutant is a mixture of the two profiles of the single mutants, it indicates that 

the mutated genes act in separate pathways. One of the experiments showed that 

twelve genes are significantly upregulated to the same degree, if either a 

phosphorylatable residue of one of the subunits is substituted or if the kinase which 

is responsible for the phosphorylation of that residue is deleted. Ten out of the 

twelve genes had a similar upstream motive, which is recognized by a specific 

transcription factor. This transcription factor is known to function in low iron 

response. Under regular growth conditions the point mutant is slower than wild type. 

This difference disappears under low iron conditions, suggesting that the low iron 

response is constantly active in the point mutant. Thus, microarray experiments can 

be used for structure-function analysis of large protein complexes, for clarification of 

mutual relationships between proteins within a large complex, and to report specific 

effects of regulatory kinase activity [38].  

Target identification via expression profiling was already done in studies about 

transcription regulation and in pharmaceutics to identify drug targets [39]. 
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Altering ePKs in S. cerivisiae 

 

Deleting protein kinases 

Since protein kinases are key regulators in signal transduction it would be interesting 

to profile all of them in S. cerevisiae to gain insight in their signaling pathways. 

Recently, in the lab of Prof. F.C.P. Holstege, all single protein kinase deletions were 

profiled. Surprisingly, the majority did not give a specific expression signature (data 

not shown). An explanation for this result could be redundancy. Redundancy means 

that another protein takes over the function of the deleted protein. If that would be 

true, deleting both proteins would result in a loss-of-function mutant. Preliminary 

results show that this can explain some of the cases. However, this phenomenon can 

only elucidate part of the protein kinases without phenotype. 

Almost all protein kinases without a phenotype are expressed under standard 

conditions (unpublished data, Holstege lab). This indicates that under standard 

conditions the protein kinases are present in an inactive state and that they might be 

ready to be activated under other conditions.  

 

Studying essential protein kinases 

Another hurdle is the group of protein kinases essential for viability. They are part of 

the group of 1,033 essential genes in S. cerevisiae, together covering ~18% of the 

open reading frames [40]. They are highly conserved; ~40% has human homologs 

[41]. Upon deletion of an essential protein kinase yeast loses its viability, which 

makes it impossible to phenotype the mutant by expression profiling. Two strategies 

are used in an attempt to reveal the function of essential genes. One of them makes 

use of induced inactivation of the gene, either by transcriptional shutdown [41] or by 

protein destabilization [42]. Often, these approaches result in severe growth defects, 

thereby complicating the analysis [41, 42]. The other strategy is based on reduced 

gene dosage in heterozygous diploids. In most cases this approach did not lead to a 

growth defect and a phenotype [43]. Both strategies are not ideal for studying 

essential genes. 

An attempt has been done to profile decreased abundance by mRNA perturbation 

(DAmP) mutants [44] of these essential protein kinases. The insertion of an 

antibiotics cassette in the 3’ untranslated region (UTR) of the target gene leads to 

the destabilizing of the mRNA product. Lower protein amounts of an essential gene 

could be the balance between the lethality in absence of the protein and no 
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phenotype in presence of wild type levels of protein. Out of 20 mutants, only two 

showed a growth defect and a specific expression signature compared to wild type 

(data not shown, Holstege lab). The relative mRNA abundance of the mutated gene 

was diminished around fourfold in these two mutants. All other mutants had 

approximately twofold decrease of mRNA level of the target gene and did not show a 

significant growth defect. This might indicate that a twofold decrease in mRNA level 

of an essential protein kinase is not enough to obtain a phenotype. According to 

these results using DAmP mutants is not a suitable method to tackle the problem of 

phenotyping essential protein kinases. The insertion of an additional sequence could 

lower the level of mRNA further [44]. Further diminishment of mRNA abundance 

could lead to more phenotypes.  

 

Constitutively active mutants 

Another approach is required to reveal the function of the 88 protein kinases without 

a specific expression profile after deletion and to unlock the signal transduction 

pathways they are involved in. A strategy could be the constitutive activation due to 

mutation. Also, constitutive activation of essential kinases via single residue 

mutation followed by a microarray experiment may reveal the processes in which 

essential protein kinases are functioning.  

Protein kinases are not constitutively active under all conditions. A protein kinase 

could for example only be active in a certain phase of the cell cycle. Such a protein 

kinase could give a phenotype when constantly active. 

The mechanisms regulating the activity of protein kinases in S. cerevisiae in vivo can 

be divided into seven major categories: phosphorylation within the activation loop, 

phosphorylation outside the activation loop, dephosphorylation, protein binding, 

binding of nonprotein ligands, protein accumulation, and subcellular localization [19]. 

It has already been shown that point mutations can convert kinases from an inactive 

to an active state [45-51].  

The potential of constitutively active mutants for a pool of 111 protein kinases, both 

essential protein kinases and protein kinases without a specific expression signature 

after deletion, was explored by aligning part of a protein kinase containing a residue 

known to activate the kinase after mutation plus 50 residues on both sides with this 

pool. The alignments were done with the use of the ClustalW2 alignment tool 

(www.ebi.ac.uk). 

http://www.ebi.ac.uk/
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In literature I found in total 15 activating mutation in multiple kinases spread over 

several species. Ten were themselves a member of the pool and/or had a residue of 

interest which was conserved in members of the pool.  

The oldest example of a protein kinase intrinsically activated by mutating a 

conserved residue is SRC. SRC is a normal counterpart of a retro-viral oncogenes 

product. Fibroblasts do not transform to cancer cells when SRC is expressed, but do 

transform when the retroviral oncogenes is expressed. The two proteins differ in a 

few scattered residues and in the C-terminal tail. Replacement of the unique tail of 

SRC by any arbitrary sequence or the tail of its malignant counterpart is sufficient to 

induce transformation. Spontaneous mutants in SRCs tail can activate its 

transformation ability unlike wild type SRC. These mutants are not phosphorylated at 

the C-terminal tail at tyrosine 527. [52, 53] The phosphorylated, inactive form of 

SRC has a closed conformation. If the tyrosine is mutated, Y527F, the residue can no 

longer be phosphorylated and SRC becomes active. In this mutant 15% of the 

protein has an open conformation. The C-terminal tail is then no longer bound to the 

SH2 domain, as in the closed structure, but is now bound to the C-terminal lobe. This 

open conformation is further stabilized by autophosphorylation on residue 416, a 

tyrosine [49].  

Y527 and 50 amino acids on either site of this core residue were used as a query 

sequence for the alignment. The sequence originated from chicken, Gallus gallus. 

The residue of interest is conserved in two protein kinases of the pool; KIN1 and 

KIN2 (figure 6). It looks like this tyrosine is part of a motive, PxYxP. 

 

 
SRCpart, Y527F 
 

Figure 6. Part of a kinase containing a marked residue known to activate the kinase after mutation 

(SRCpart_Ggal) aligned against the pool of 111 protein kinases without an expression phenotype after 

deletion. The query sequence used for this alignment is a part of SRC of Gallus gallus, containing the 

activating residue after mutation and 50 neighbouring amino acids on both sides. The core residue is not 

located within the kinase domain. The proteins are named in the following manner: protein 

name_species_group/family/subfamily. “*” indicates identical residues in all sequences in the alignment. 

“:” indicates that conserved substitutions have been observed with shared characteristics such as acidic 

and basic. “.” indicates that semi-conserved substitutions are observed. 
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Another two constitutively active point mutants of a protein kinase were functioning 

in pheromone signal transduction pathway, an indispensible pathway for mating. One 

of the essential proteins in this pathway is STE4, a G protein. There was a lack of 

knowledge about the signaling rout between the receptor and the transcription 

factor, STE12. It was known that mutants of STE4, STE5, STE7, STE11 and STE12 

were not responding to pheromone treatment. A deletion mutant of STE4, not able to 

mate, was used as a source to screen for mutants with restored mating ability. The 

idea was that these mutations would be located in downstream targets within the 

pathway. Two dominant mutations in STE11, a protein kinase essential for mating, 

were identified. One mutation was located in the putative regulatory domain, the 

other in subdomain VII, the catalytic site, of the kinase domain. Mating efficiency of 

the second strain was twofold more efficient compared to the first strain. Also, the 

growth defect of the second strain was greater. These mutations caused 

hyperphosphorylation of STE7 as is the case in wild type yeast treated with 

pheromone. Both mutations of STE11 could suppress the phenotype of STE5 deletion 

partially, but were not capable of rescuing the phenotype of STE7 and STE12 

deletions, indicating that STE5 is upstream of STE11 and both STE7 and STE12 are 

downstream [45]. 

The two mutated residues of STE11 were aligned with the pool of protein kinases. 

The residue of the mutation within the putative regulatory, P279S, is conserved with 

some of its surrounding in two other protein kinases; PRR1 and KSS1 (figure 7). The 

amino acids mutated in the other strain, T596I, is part of a conserved motive TDFG 

in nine other protein kinases (figure 7). 

 

 
STE11part1, P279S 
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STE11part2, T596I (within kinase domain) 
 

Figure 7. Parts of a kinase containing a marked residue known to activate the kinase after mutation 

(STE11part_Scer) aligned against the pool of 111 protein kinases without an expression phenotype after 

deletion. The query sequences used for these alignments are part of STE11, containing the activating 

residue after mutation and 50 neighbouring amino acids on both sides. The core residue of STE11part1 is 

not located within the kinase domain, the core residue of STE11part2 is. The proteins are named in the 

following manner: protein name_species_group/family/subfamily. “*” indicates identical residues in all 

sequences in the alignment. “:” indicates that conserved substitutions have been observed with shared 

characteristics such as acidic and basic. “.” indicates that semi-conserved substitutions are observed. 

 

A third mutant was found in the G2 DNA damage checkpoint. CHK1 is an effector 

molecule in this process. Deletion of this gene is lethal. It was previously observed 

that in absence of its C-terminal domain, CHK1 is more active than the full-length 

protein. To investigate this further, highly conserved regions between the C-terminal 

tail of human CHK1 and of CHK1 in S. pombe were mutated in S. pombe. Two 

activating mutations were identified causing cell cycle arrest if expressed under a 

different promoter resulting in overexpression. The resulting phenotype was small 

colony size suggesting that the mutated protein is functional though to a lower 

extent than wild type; semiactive. One of the mutants was temperature sensitive. 

When the mutated genes were expressed under the endogenous promoter, no 

phenotype was observed [48].  

If these residues are conserved, it could be that mutating them in other kinases has 

a more severe effect resulting in a phenotype. Only the temperature sensitive 

mutant, E472D, was conserved in a protein kinase of budding yeast, the essential 

kinase CDC5 (figure 8). It seems like the core amino acid is part of a motive, namely 

DPxE. 
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CHK1part2, E472D 
 

Figure 8. Part of a kinase containing a marked residue known to activate the kinase after mutation 

(CHK1part_Spom) aligned against the pool of 111 protein kinases without an expression phenotype after 

deletion. The query sequence used for this alignment is a part of CHK1 of Schizosaccharomyces pombe, 

containing the activating residue after mutation and 50 neighbouring amino acids on both sides. The core 

residue is not located within the kinase domain. The proteins are named in the following manner: protein 

name_species_group/family/subfamily. “*” indicates identical residues in all sequences in the alignment. 

“:” indicates that conserved substitutions have been observed with shared characteristics such as acidic 

and basic. “.” indicates that semi-conserved substitutions are observed. 

 

The last suitable mutants were found in SLT2 or MPK1, which is an extracellular 

signal-regulated kinase (ERK). ERKs are a subfamily of mitogen-activated protein 

kinases (MAPKs). The ERK subfamily is involved in proliferation, differentiation, 

development, learning and memory. The exact role of each ERK is not clear. SLT2 is 

an ERK essential for cell wall integrity. The pathway in which SLT2 is a downstream 

target also involves the MAPKKK BCK1 and the redundant MAPKKs MKK1 and MKK2. 

Mutants of this pathway cannot grow under cell wall damaging conditions, such as 

the presence of caffeine. To screen for intrinsically active mutants of SLT2, randomly 

mutated SLT2 mutants were transformed into a MKK1/MKK2 deletion strain. The 

screen was done in the presence of caffeine. Revertants are able to grow and have 

activated the pathway by mutating one of the members of the pathway. Six mutants 

were verified [51]. All six mutations were located within the kinase domain of SLT2. 

Five of them were conserved in several other protein kinases, as became clear after 

aligning the residues of interest with the pool (figure 9).  

 

 
SLT2part1, R68S (within kinase domain) 
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SLT2part2, D127N (within kinase domain) 
 

 
SLT2part4, S179L (within kinase domain) 
 

 
SLT2part5, Y210C (within kinase domain) 
 

 
SLT2part6, Y268C (within kinase domain) 
 

Figure 9. Parts of a kinase containing a marked residue known to activate the kinase after mutation 

(SLT2part_Scer) aligned against the pool of 111 protein kinases without an expression phenotype after 

deletion. The query sequences used for this alignment are parts of SLT2, containing the activating residue 

after mutation and 50 neighbouring amino acids on both sides. All core residues are located within the 

kinase domain. The proteins are named in the following manner: protein 
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name_species_group/family/subfamily. “*” indicates identical residues in all sequences in the alignment. 

“:” indicates that conserved substitutions have been observed with shared characteristics such as acidic 

and basic. “.” indicates that semi-conserved substitutions are observed. 

 

The results of the alignments are summarized in table 1. Based on these alignments,  

44 constitutively active mutants could be made of 28 proteins. This equals 25% of 

the pool of 111 protein kinases. Some protein kinases posses several conserved 

activating mutations like KSS1. Three (1, 4, and 6) of the residues of interest of 

SLT2 are conserved only in protein kinases of the group CMGC. The two residues of 

interest in SLT2_5 and STE11_2 are conserved in quite a number of protein kinases 

of a particular group, CMGC and AGC, respectively. The same two amino acids are 

conserved in the largest number of protein kinases. Both are located within the 

kinase domain. 

 

Table 1.  A summary of the alignments (supplementary data) in table format. The protein name of the 

query sequence is stated in the upper part of the table. On the left are the protein kinases from the pool 

with a conserved residue which activate the kinases mentioned before. They are listed according to group, 

family and subfamily. Each group has its own color. The crosses indicate which residue is conserved in 

which protein kinase. ess = essential 

  CHK1 SLT2_1 SLT2_2 SLT2_3 SLT2_4 SLT2_5 SLT2_6 SRC STE11_1 STE11_2 group/family/subfamily 

Kinase domain   x x x x x x     x   

dbf20                   x AGC/NDR 

rim15     x             x AGC/NDR 

tpk1                   x AGC/PKA 

tpk3                   x AGC/PKA 

pkh3     x               AGC/PKA-related 

ybr028c                   x AGC/RSK/p70 

chk1           x         CAMK/CAMKL/CHK1 

kin1               x     CAMK/CAMKL/Kin1 

kin2               x     CAMK/CAMKL/Kin1 

prr1                 x   CAMK/CAMK-Unique 

rad53 ess                   x CAMK/RAD53 

cdc28 ess           x         CMGC/CDK 

kin28 ess           x         CMGC/CDK 

cka1     x     x         CMGC/CK2 

mrk1           x         CMGC/GSK 

rim11           x         CMGC/GSK 

ygk3           x         CMGC/GSK 

kss1   x x   x x x   x   CMGC/MAPK/ERK 

slt2   x x x x x x       CMGC/MAPK/ERK 

smk1   x       x         CMGC/MAPK/ERK 

ykl161c   x x   x   x       CMGC/MAPK/ERK 

sgv1 ess           x         CMGC/Other 

ime2           x         CMGC/RCK/MAK 

skm1                   x STE/STE20/PAKA 

ipl1 ess                   x Other/AUR 

sat4                   x Other/HAL 

gcn2           x         Other/PEK/GCN2 

cdc5 ess x                   Other/PLK 
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Conclusions and discussion 

 

Conclusions 

Protein kinases are key players in regulation of signal transduction and are highly 

conserved among eukaryotes. More insight in which process they function, their 

mutual relationship, and their targets is required. S. cerevisiae is a suitable model 

organism for this purpose and expression profiling by microarrays is an appropriate 

tool. Expression profiling has been shown to be a useful tool when it comes to 

structure-function analysis of a large multisubunit complex, genetic epistasis with 

expression profiles as phenotype, and revealing the effects of regulatory kinase 

activity. The results of previous strategies, such as the deletion of genes and DAmP 

mutants, to study protein kinases could not obtain altered expression profiles 

compared to wild type for the whole superfamily. The majority of the single deletion 

mutants of protein kinases showed no specific phenotype. This is partially due to 

redundancy. An approach to study essential genes is destabilizing the mRNA by 

inserting an antibiotics cassette in their 3’ UTR, a DAmP mutant. Only two out of 20 

DAmP mutants gave a specific expression signature. These mutants had around 

fourfold decrease of mRNA level of the gene of interest. All the other mutants had 

about twofold decrease of mRNA level of the gene of interest. Further diminishment 

of mRNA levels of the essential protein kinases with an additional sequence could 

lead to more phenotypes. Still a significant number, 111 out of 139, lack a 

phenotype on microarray, either because they are essential for viability or because 

deletion does not lead to a specific expression profile. A new strategy could lower 

this number. Several papers report constitutive activation of protein kinases by point 

mutation. If these residues are conserved in some of the 111 protein kinases, these 

could be constitutively activated and thereby give an altered expression profile. 

Based on alignments, about 25% could be activated via mutation of a specific 

conserved amino acid. The degree of conservation and the presence of these 

residues in motives suggest a high potential of the strategy. This approach will 

extent the insight in the signaling pathways of protein kinases and could significantly 

contribute to the understanding of signal transduction pathways of protein kinases, 

not only among themselves but also among all genes present in the database with 

expression profiles obtained using the same platform.  
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Discussion 

Although the substitution of a certain amino acids can activate a kinase, it is not 

always activated to full extent. One paper, where the degree of activation of the 

mutant relative to the wild type situation is quantified, states that the protein 

kinases are activated up to six percent compared to wild type [51]. This might not 

seem a lot, but a rescue of the phenotype is described. Apparently, protein kinases 

do not always have to be fully active to carry out their function properly. Even slight 

constitutive activation could result in a specific expression profile. Additional 

mutations can lead to a higher activity state of the protein [51]. The degree of 

conservation of a specific combination of multiple residues will likely be lower 

compared to the degree of conservation of a single activating mutation. Some 

protein kinases have multiple conserved residues known to constitutively activate a 

protein kinase. Combining these mutations could lead to a more severe phenotype.  

An explanation for activation upon mutation could be that the mutated residue is 

phosphorylated under normal circumstances causing the protein to be inactive. This 

is a known way of regulating the activity of some kinases (table 2). As can be seen in 

table 1 dephosphorylation is involved in the activation of some protein kinases. Also, 

phosphorylation is involved in the inactivation of some protein kinases. In both 

cases, mutation of the residue could lead to constitutively active kinases. This could 

clarify the activation of the kinases via single residue mutation if the original residue 

is a threonine, tyrosine, or serine. If the residue to be mutated for activation can not 

be phosphorylated, the activation might be due to the new residue causing the 

protein to fold in a different manner. This new protein structure could be similar to 

the structure of the active state of the protein. 

The protein kinases of table 2 were not used as a query, since others mechanisms 

are regulating the activity of the majority of these proteins as well [19]. It is not 

known which mechanism is dominant or whether they are all required for activation. 

NPR1 is an exception. This protein kinase is active when two specific amino acids are 

not phosphorylated [54, 55]. The combination of these two residues is not conserved 

in any other protein kinase of the pool.  

 

Table 2. Kinase regulatory themes [19] (modified) CK1 = casein kinase, family of protein kinases 
Group AGC CaMK CMGC STE CK1 Other Atypical 

Regulatory mechanism              
Dephosphorylation; Activating    Cdc28 Cdc15 Yck1, Yck2 Npr1   
Phosphorylation outside loop; Inactivating Rim15 Hsl1 Cdc28, Yak1     Atg1, Npr1, Swe1   
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All of the ten protein kinases, of which is known that either dephosphorylation is 

required for activation or phosphorylation is required for inactivation (table 2), are 

present in the pool of 111 protein kinases. Only RIM15 is also found in the 

alignments summarized in table 1. Although it is known that almost all protein 

kinases of table 2 are regulated by several regulatory mechanisms, it might be 

interesting to investigate the potential of the specific residues to activate the protein 

when mutated. As stated before, even slight activation of a kinase can be sufficient 

to give a phenotype.  

Verification of the accuracy of the expression signature of a constitutively active 

protein kinase can be done via the expression profile of the deletion mutant of its 

target. The profile of the target should either be similar or opposite depending on 

whether the protein kinase activates or inactivates the target by phosphorylation. A 

similar profile suggests inactivation, an opposite profile activation. For example, 

RIM15 is a positive regulator of IME2, so the expression profile of the constitutively 

active mutant of RIM15 should contain the expression profile of the constitutively 

active mutant of IME2. If an upstream kinase or phosphatase is known to regulate 

the kinase of interest, the expression profile of a deletion mutant of that protein can 

be used as well to validate the phenotype of the constitutively active kinase of 

interest in a similar manner as the target profile. Also, the profile of a constitutively 

active mutant should either correlate or anticorrelate with other proteins known to 

function in the same process. If nothing is known about a protein kinase, follow-up 

research is needed to validate the phenotype. Clustering of the expression profile 

gives insight in which process the kinase is acting. 

New residues, constitutively activating protein kinases, could be identified through 

protein kinases with known upstream positive regulators. These regulators should 

give a phenotype upon deletion. The gene of the protein kinase can be sequenced of 

revertants with a wild type phenotype to look for activating mutations. Alignments 

will show whether the mutated amino acids are located in conserved parts of the 

sequence of other protein kinases.  

The results of table 1 suggest that residues within the kinase domain have a higher 

degree of conservation. Another observation is that residues tent to be more 

conserved within the same group of protein kinases. 

Generating constitutively active protein kinases has never been done on a large 

scale. Also, the combination of kinase activation by point mutation and expression 

profiling is novel.  
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