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Abstract 

 

Candida albicans is an opportunistic human fungal pathogen, normally 

residing as a commensal in more than 50% of the population. However, a high 

mortality rate in immunocompromised individuals is associated with severe C. 

albicans infections. The complex biology of C. albicans is reflected by its impressive 

morphological plasticity that, together with several additional virulence factors like 

phenotypic switching and modulation of the molecular cell wall properties, result in 

C. albicans-associated pathogenesis. C. albicans belongs to the Candida CTG clade, 

which ambiguously translates the standard leucine CUG codon predominantly as 

serine (97%) but also as leucine (3%). Although most CUG-residues are positioned in 

non-conserved protein sites, a few proteins contain these residues in strictly 

conserved regions. Some of these proteins are associated with Mitogen Activated 

Protein Kinase (MAPK) pathways, such as the Cek1-mediated pathway that is liked to 

C. albicans morphogenesis and virulence. Here we hypothesize that the genetic 

code alteration in C. albicans might have a functional impact on the MAPK Cek1 and 

in the regulation of the protein-protein interaction networks of this signaling 

cascade. 

Our biochemical and biophysical data showed that CUG ambiguity affects the 

thermal stability and enzymatic activity of the active domain and full-length Cek1 

protein. The incorporation of a serine residue at the CUG position of Cek1 induces 

autophosphorylation of the conserved tyrosine residue within the 231TEY233 motif in 

the kinase activation loop and increases its intrinsic kinase activity. The serine 

variant of the active domain of Cek1 is able to interact with the scaffold protein 

Cst5. Moreover, the N-terminal tail of Cek1 enriched in amino acid repeats 

positively impacts the stability and activity of the full-length protein. 

These results highlight the impact of codon ambiguity in a human pathogen 

C. albicans, and provide novel insights into the molecular mechanisms regulating 

the virulence-associated Cek1 MAPK signaling pathway. 
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Resumo 

 

Candida albicans é um fungo oportunista que reside como comensal em 

mais de 50% da população. No entanto, infecções causadas por C. albicans estão 

associadas a uma elevada taxa de mortalidade em indivíduos imunodeprimidos. A 

complexa biologia de C. albicans reflete-se na sua plasticidade morfológica, que em 

conjunto com outros factores de virulência, tais como alterações fenotípicas e 

alterações das propriedades moleculares da parede celular, contribuem para a sua 

patogenicidade. Esta complexidade é incrementada pela capacidade de C. albicans 

traduzir de modo ambíguo o codão CUG, normalmente traduzido como leucina, 

predominantemente como serina (97%), mas também como leucina (3%). Embora a 

maior parte dos codões CUG estejam posicionados em locais não conservados das 

proteínas, algumas proteínas contêm estes resíduos em regiões muito conservadas. 

Algumas destas proteínas estão associadas a vias da proteína cinase ativada por 

mitogénio (MAPK), como por exemplo a via de sinalização mediada por Cek1, 

envolvida na regulação da morfogénese e virulência de C. albicans. Neste trabalho, 

foi estudado o impacto da ambiguidade genética de C. albicans na MAPK Cek1, 

assim como na regulação das interações proteína-proteína nesta cascata de 

sinalização. 

Dados bioquímicos e biofísicos demostraram que a ambiguidade do codão 

CUG afecta a estabilidade térmica e a actividade enzimática da Cek1, efeito também 

observado numa versão truncada contendo apenas o domínio activo. A 

incorporação de serina na posição do codão CUG induz a autofosforilação da 

tirosina do motivo conservado TEY, presente no ”loop” de activação da cinase, 

aumentando a sua actividade. Adicionalmente, a variante serina do domínio activo 

da Cek1 interage com a proteína “scaffold” Cst5. A região N-terminal da Cek1, 

enriquecida em repetições de aminoácidos, tem um impacto positivo na 

estabilidade e actividade da proteína. 

Estes resultados demonstram o impacto da ambiguidade do codão CUG em 

C. albicans e fornecem novos detalhes sobre o mecanismo molecular de regulação 

da via de sinalização da MAPK Cek1 associada à virulência deste patógeno humano. 



 xxii 



CHAPTER	1	 1	
 

 

 

 

 

 

 

 

 

Chapter 1  

 

General Introduction 
 

 



2	 	
 

 

 



CHAPTER	1	 3	
 

 

1.1 The human pathogen Candida albicans 

Fungal pathogens that cause life-threatening human diseases are often 

harmless inhabitants on the surface of our mucosae. The commensal fungal 

populations can be the source of the opportunistic pathogens causing fungal 

infections, which are increasing in prevalence owing to more people living with 

suppressed immune systems, such as organ transplant recipients, human 

immunodeficiency virus and cancer patients (Brown et al. 2012a). Although it was 

estimated that only 0.1% of all fungi species are human pathogens (Brown et al. 

2012b), life-threatening fungal systemic infections display mortality rates similar to 

tuberculosis and 3-fold higher than malaria (Bongomin et al. 2017). The main 

fungal pathogens causing most cases of serious fungal disease are Candida, 

Aspergillus, Cryptococcus, and Pneumocystis (Brown et al. 2012a), with Candida 

being responsible for more than 80% of all fungal infections (Vincent et al. 2009). 

Candida species belong to the normal microbiota of healthy individuals and 

have exploded into prominence in recent years as opportunistic and nosocomial 

fungal pathogens, especially in immunocompromised patients. Invasive candidiasis 

(IC), including candidemia, is reported to be the fourth leading cause of nosocomial 

bloodstream infections in hospitals (Tortorano et al. 2006, Pfaller et al. 2010, 

Antinori et al. 2016). Among 200 different species of Candida, C. albicans, C. 

glabrata, C. parapsilosis, C. tropicalis and C. krusei are responsible for >95% of 

Candida infections (Butler et al. 2009). Despite the existence of epidemiological 

data, the lack of a uniform and consistent method to diagnose and describe the 

incidence of IC leads to insufficient and overly diverse epidemiological data. 

However, based on the increased incidence of the candidemia infections through 

the world it is critical to develop new therapeutic approaches and a better 

knowledge of this human fungal pathogen (Pfaller et al. 2010). C. albicans still 

remains the leading cause of candidemia worldwide, however recent 

epidemiological data suggested the emergence of non-albicans Candida strains due 

to rapidly growing resistance of Candida species and the use of antifungal drugs for 

prophylactic purposes (Pfaller et al. 2014, Li et al. 2015, Kaur et al. 2016, Lamoth 

et al. 2018). One example is C. auris, a new Candida species that has been reported 

as an emerging global health threat, which displays elevated resistance to all 

antifungal drugs, resulting in a high degree of mortality (Satoh et al. 2009, Clancy 

et al. 2017, Lamoth et al. 2018). Some controversial data of the Candida species 

distribution is dependent upon geographical location (Lamoth et al. 2018). In 
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Portugal, the incidence of candidemia was found to be 2.2 per 100,000 inhabitants, 

one of the lowest in European countries (Faria-Ramos et al. 2014, Bongomin et al. 

2017, Sabino et al. 2017). Moreover, the distribution of Candida species in Portugal 

confirms the presence of C. albicans as the predominant species (Correia et al. 

2004, Correia et al. 2016), followed by C. parapsilosis and C. glabrata (Costa-de-

Oliveira et al. 2008, Faria-Ramos et al. 2014). 

C. albicans is the most prevalent pathogen normally residing as a commensal 

inhabiting the mucosal oral cavity and gastrointestinal and genitourinary tracts in 

more than 50% of the human population (Pfaller et al. 2007). Clinical 

manifestations, from superficial to systemic infections, are particularly important in 

immunocompromised individuals, such as patients with acquired immunodeficiency  

syndrome and patients undergoing chemotherapy, and in individuals with multiple 

risk factors, subjected to invasive procedures and those who have implanted 

medical devices (e.g., catheters) (Pfaller et al. 2007, Noble et al. 2017). C. albicans 

infections are recognized as a serious public health challenge with high clinical and 

socio-economic importance. According to the Center for Disease Control, C. 

albicans is the sixth most common cause of nosocomial infections and has been 

associated with a high crude mortality rate of approximately 40% (Sardi et al. 2013). 

C. albicans survives under the challenging and diverse conditions associated 

with various mucosal surfaces in the human body, demonstrating the great 

adaptability of this human pathogen to different host niches. Although the research 

over the last few decades shed some light on the underlying molecular mechanisms 

of C. albicans infectiousness, the difficulty to diagnose and effectively treat invasive 

or systemic candidiasis requires a concerted effort toward the discovery of novel 

antifungal therapies (Pfaller et al. 2007, Brown et al. 2012a). 

 

1.1.1 Overview of Current Antifungal Therapies 

The knowledge of C. albicans biology and virulence factors is essential not 

only to understand its pathogenic mechanisms but also to identify potential 

antifungal targets. An increment in resistance to traditional antifungals leads to the 

need to control C. albicans infections through early diagnosis and prevention of 

candidiasis. Only a few antifungal drugs are currently available to treat mucosal or 

systemic infections with Candida. The classes of antifungal agents that are mainly 

used include azoles, polyenes, and echinocandins (Figure 1.1). The mechanisms of 

action of azole and polyene antifungals are confined to targeting the fungal cell 
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membrane, whereas echinocandins act by disrupting the fungal cell wall (Pfaller 

2012). 

 

 

Figure 1.1 Mechanism of action of antifungal drugs. Azoles, such as fluconazole, target 

the ergosterol biosynthetic enzyme - lanosterol demethylase - blocking the production of 

ergosterol and causing the accumulation of a toxic sterol, which exerts severe membrane 

stress on the cell. Polyenes, like amphotericin B, exist primarily in the form of large, 

extramembranous aggregates that extract ergosterol from the cell membrane. 

Echinocadins, such as caspofungin, act as noncompetitive inhibitors of (1,3)-β-glucan 

synthase, causing loss of cell wall integrity and severe cell wall stress. Flucytosine interferes 

with DNA and RNA synthesis (Adapted from (Ostrosky-Zeichner et al. 2010, Shapiro et al. 

2011). 

 

The most commonly used class of antifungals agents, the azoles 

(fluconazole, itraconazole, voriconazole, posaconazole, and isavuconazole), target 

ergosterol biosynthesis, leading to the accumulation of toxic sterol intermediates 

and cell membrane stress (Ostrosky-Zeichner et al. 2010, Lv et al. 2016). 

Ergosterol, the main sterol in the fungal cell membrane, modulates structural and 

regulatory membrane features, such as fluidity and permeability and the function of 

many membrane-bound enzymes (Lv et al. 2016). The extensive prophylactic use of 

azoles and their fungistatic nature allow fungal survival, resulting in widespread C. 

albicans resistance to clinically relevant azoles. 
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Polyenes, such as amphotericin B, are amphipathic natural products that bind 

and extract ergosterol from cell membranes, creating drug-lipid complexes. These 

complexes disrupt the osmotic integrity of the fungal membrane, preventing 

ergosterol from exerting its many essential cellular functions, leading to cell lysis 

(Gray et al. 2012, Anderson et al. 2014). Structural similarities between ergosterol 

and cholesterol in the mammalian cell membrane represent the major use limitation 

associated with severe host toxicity (Shapiro et al. 2011). Echinocandins 

(caspofungin, micafungin, and anidulafungin) act by inhibiting β-1,3 glucan 

synthesis in the fungal cell wall, resulting in the loss of cell wall integrity and 

induction of cell wall stress. A significant roadblock in the elimination of Candida 

infections is the presence of drug-resistant biofilms. Fungal cells within the biofilms 

display resistance to azoles and polyenes, while echinocandins likely achieve better 

results against Candida biofilms (Taff et al. 2013, Jadhav et al. 2017). Furthermore, 

cell wall disturbing agents, such as Congo red, Calcofuluor white or zymolyase were 

demonstrated to induce cell wall stress by interfering with cell wall biogenesis (Sanz 

et al. 2017). 

Targeting normal metabolic processes can be a viable strategy for drug 

development against fungal pathogens. The fluoropyrimidines, such as flucytosine 

(5-fluorocytosine), a systemic antifungal drug with limited activity spectrum, inhibit 

nucleic acid synthesis. Indeed, 5-fluorocytosine has no intrinsic antifungal activity; 

only after uptake by the fungal cells it is converted into compounds that block DNA 

synthesis or are incorporated into RNA, leading to the disruption of DNA replication 

and miscoding and disruption of protein synthesis (Vermes et al. 2000, Denning 

2003, Hope et al. 2004, Cowen et al. 2008). These compounds resemble 

structurally key metabolites utilized by fungi but not by mammalian cells, which 

lack the enzymes to readily transport the drug into the cell and to convert it into 

toxic intermediates (Vermes et al. 2000). As a result of the existing resistant strains 

and the frequently acquired resistance during treatment, combination therapies 

with antifungal compounds are one of the pharmacological strategies that are 

beneficial in the treatment of – Candida - infections (Robbins et al. 2017). For 

example, due to a high incidence of primary or -acquired resistance to 

fluorocytosine, the use of this compound as monotherapy is restricted and it is 

commonly administered in combination with amphotericin B (Vermes et al. 2000). 

Alternative therapies include the use of new active principles obtained from 

different sources, such as natural products, synthetic agents or polymeric materials, 

as well as vaccines and antibody-based immunotherapy (Castillo et al. 2018, de 
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Oliveira Santos et al. 2018, Nami et al. 2019). Recently, small-molecule inhibitors of 

filamentation were identified as promising candidates for the development of novel 

anti-virulence approaches to combat C. albicans infections (Romo et al. 2017). In 

summary, reducing C. albicans virulence by targeting its pathogenic processes 

represents a very attractive approach for the development of new antifungal drugs. 

 

1.2 C. albicans biology 

The most opportunistic human fungal pathogen, C. albicans, has some crucial 

and interesting features, which are involved in and affect its virulence. The 

phenotypic plasticity of C. albicans represents an important adaptation strategy to 

different environmental conditions and host niches. The capability to adopt 

different morphologies (e.g., yeast and hyphal forms, white and opaque cells, gray 

and Gastrointestinally indUced Transition – GUT - cells) represents a distinctive 

characteristic of C. albicans biology, linked to its pathogenicity during adhesion, 

invasion and bloodstream propagation. Moreover, the complexity of C. albicans 

biology expands with its ability to ambiguously translate the universal leucine CUG 

codon, predominantly as serine but also as leucine, in approximately 66% of C. 

albicans protein-coding genes (Rocha et al. 2011). The use of a non-universal 

genetic code leads to a diverse proteome, introduces different cell and colony 

morphologies, as well as distinct antifungal and immune responses. Understanding 

CUG mistranslation provides crucial insights into the physiological impact of 

genetic code ambiguity in C. albicans. 

 

1.2.1 C. albicans genetic code ambiguity 

The genetic code was once thought to be universal for all organisms. 

However, several genetic code alterations were found in mitochondrial and nuclear 

genomes, with a code change more pervasive in mitochondria than in nuclei (Knight 

et al. 2001, Swire et al. 2005). Two theories are evolving to explain the evolution of 

these alterations: the Codon Capture and the Ambiguous Intermediate theories. The 

codon capture model proposes that under directional mutational pressure (biased 

GC or AT pressure) certain codons lose the functionality of the corresponding tRNAs 

and are eliminated from the genome (Jukes et al. 1993). These unassigned codons 

can reappear and encode another amino acid, becoming reassigned into the 

genome by mutation of non-cognate misreading tRNAs. In contrast, in the strictly 
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neutral codon-disappearance hypothesis, selection can drive the process of codon 

reassignment with an intermediate stage in which translation is ambiguous (Schultz 

et al. 1996). According to this theory, the appearance of a mutant tRNA alters its 

decoding efficiency and specificity, leading to an expanded decoding capacity 

through an ambiguous decoding of a single codon by its cognate tRNA and mutant 

tRNA (Schultz et al. 1996). 

Although several variations to the standard code supported by the 

ambiguous intermediate theory are described in yeast, here we focus on the nuclear 

genetic code change. This concept involves a sense-to-sense reassignment of the 

standard leucine CUG codon that occurs in several fungal species of the CTG clade 

(Figure 1.2), a group composed by Debaryomyces hansenii and several Candida 

species, which translate the CUG codon with distinct meanings (Santos et al. 1996, 

Miranda et al. 2007, Butler et al. 2009). 

 

 

Figure 1.2 Schematic illustration of the phylogeny of Saccharomycotina species, namely 

Candida species. C. albicans and non-albicans Candida species (C. dubliniensis, C. 

tropicalis, C. parapsilosis, C. guilliermondii, D. hansenii, C. rugosa, C. lusitaniae, C. auris) 

are part of the Candida CTG clade and translate CTG codons as serine instead of leucine. In 

contrast, C. glabrata with S. cerevisiae belong to the Saccharomycetaceae, within the whole 

genome duplication (WGD) clade. The branch lengths are arbitrary. 

 

This ambiguity is a consequence of the appearance of a mutant serine tRNA 

(tRNA
CAG

Ser) 270 million years ago, through the insertion of adenosine in the middle 

position of the CGA anticodon, creating the CAG anticodon sequence that matches 

the CUG codon sequence (Massey et al. 2003). The appearance of tRNA
CAG

Ser 
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produced a unique situation where the CUG codon became ambiguously decoded 

by two distinct tRNA species (tRNA
CAG

Ser and the tRNA
CAG

Leu). During evolution, 

Candida species lost the original tRNA
CAG

Leu and retained the mutant tRNA
CAG

Ser, 

changing the identity of the CUG codon from leucine to serine. On the other hand, 

Saccharomyces species, which lost the mutant tRNA
CAG

Ser, maintained CUG identity 

for leucine. In C. albicans the tRNA
CAG

Ser has suffered mutations that further allowed 

the recognition by both seryl-tRNA (SerRS) and leucyl-tRNA (LeuRS) synthetases 

(Massey et al. 2003, Miranda et al. 2007). 

Remarkably, C. albicans, the focus of this work, belongs to the Candida CTG 

clade together with C. dubliniensis, C. tropicalis, C. guilliermondii and many others 

which translate CUG codons ambiguously as both serine and leucine, while C. 

cylindracea decodes CUG codons only as serine (Santos et al. 1995, Suzuki et al. 

1997, Gomes et al. 2007). Accordingly, non-standard codon usage in C. albicans, 

implies the translation of the leucine CUG codon predominantly as serine (97%), 

with only a small percentage (3%) of those codons still translated as leucine (Santos 

et al. 1993, Miranda et al. 2007). This CUG codon-dependent mechanism generates 

ambiguous proteins and expands the proteome of C. albicans, a mechanism that 

could lead to a serious decline in fitness due to the appearance of misfolded 

proteins and the synthesis of non-functional or toxic proteins (Santos et al. 1999, 

Santos et al. 2011). However, the alternative codon interpretation and the 

reassignment of the leucine CUG codon to serine resulted in C. albicans being 

highly tolerant to codon ambiguity and in certain conditions the ambiguous 

translation likely being advantageous (Santos et al. 1999, Silva et al. 2007, Butler et 

al. 2009, Moura et al. 2010, Rocha et al. 2011). Accordingly, C. albicans 

incorporated 3 to 5% leucine at CUG positions under variable stress conditions, 

namely temperature, low pH and oxidative stress (Gomes et al. 2007). In addition, 

the mis-incorporation rate could be artificially increased up to 28% without effects 

in C. albicans growth rate, but resulting in alterations in cell morphology (Gomes et 

al. 2007). Indeed, above 28% of leucine incorporation, C. albicans exhibited 

phenotypic diversity and genome-wide effects with expression of genes involved in 

cell adhesion, hyphal growth and an altered host immune response (Miranda et al. 

2007, Bezerra et al. 2013, Miranda et al. 2013, Bezerra et al. 2015), suggesting 

that CUG ambiguity can be relevant in the process of C. albicans infection. 

In order to understand the global impact of this ambiguous decoding, 

analysis of the CUG distribution in C. albicans ORFeome unveiled that C. albicans, 

as well as related CTG-clade species, are optimally adapted to ambiguity (Rocha et 
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al. 2011). In C. albicans, proteins containing CUG-residues are widely distributed by 

multiple functional categories, with a representative group involved in membrane 

and cell wall biogenesis and other virulence factors related to pathogenesis, like 

morphogenesis, biofilm formation and cell adhesion (Rocha et al. 2011). Contrarily 

to what happens in Saccharomyces cerevisiae, in which CUG-encoded residues are 

uniformly distributed in the protein sequence and predominantly buried in the 

protein core, in C. albicans ORFeome there has been a reassignment of the CUG 

codons, mainly distributed in less well-conserved regions of the proteins (90%) 

(Rocha et al. 2011). These CUG-encoded residues are critical for protein structure 

and folding, thereby reducing the probability of protein misfolding and explaining 

the tolerance of this microorganism to fluctuations in leucine incorporation levels 

(Rocha et al. 2011). Although most CUG-residues are positioned in non-conserved 

protein sites, in a small number of proteins the CUG-encoded residues are located 

in conserved active sites and are functionally relevant, suggesting an impact on 

structure and protein function (Rocha et al. 2011, Sárkány et al. 2014). 

Interestingly, many of these proteins are associated with signal transduction 

pathways, cell wall biosynthesis and virulence in C. albicans (Rocha et al. 2011). 

Functional differences were observed in eukaryotic translation initiation factor 4E 

upon incorporation of serine or leucine within a non-conserved site at the protein 

surface, demonstrating that CUG ambiguous decoding has an impact on modulating 

protein function (Feketova et al. 2010). Moreover, leucine incorporation at the 

conserved CUG positions of SerRS and LeuRS proteins does not affect their overall 

structure, but leads to a modulation of their enzymatic activity (Rocha et al. 2011, 

Zhou et al. 2013, Ji et al. 2016). Still, the in-depth analysis of the proteins affected 

by CUG ambiguous decoding and their impact on C. albicans commensalism and 

virulence dichotomy, remains undisclosed. 

 

1.2.2 Morphogenesis: Yeast-to-hyphal transition 

The complex biology of C. albicans is reflected by its impressive 

morphological plasticity - an important virulence attribute of this organism - in 

response to different environmental conditions, such as temperature, pH, CO
2
 and 

nutrient availability (Sudbery et al. 2004, Shapiro et al. 2011). C. albicans is a highly 

polymorphic fungus that can undergo yeast-to-hypha transition, growing as 

unicellular budding yeast, in filamentous pseudohyphal and hyphal form and 

chlamydospores (Figure 1.3A). Yeast, also known as ‘white cells’ are characterized 
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by their elliptical form and asexual reproduction by budding, with a nuclear division 

at the junction between mother and daughter cell. Filamentous growth results in 

the production of elongated cells relative to the yeast form. The pseudohyphal cells 

are wider and form constrictions between elongated buds at the position of septa 

showing regular branching with daughter cells attached to the mother cells. In 

contrast, hyphal cells are narrower than pseudohyphal cells and have a parallel-

sided wall, separated by septa with no constrictions (Sudbery et al. 2004, Sudbery 

2011). Chlamydospores are round or oval refractive cells with a thicker cell wall and 

are larger than yeast cells (Sudbery 2011). Although both yeast and filamentous 

states are considered to be involved in the infection process, yeast cells are more 

relevant in the first state of dissemination in the bloodstream, whereas the hyphal 

form enables C. albicans to form biofilms and has been associated with greater 

adherence and tissue invasion (Saville et al. 2003). 

 

 

Figure 1.3 Distinct morphological states of C. albicans. (A) Microscopic appearance of 

the several morphologies display by C. albicans during yeast to hypha transitions: yeast, 

hyphal, pseudohyphal forms and chlamydospores. (B) Morphologies of two distinct 

phenotypes: white and opaque cells (left). Both morphotypes are easily detectable by their 

preferential staining with phloxine-B: opaque cells are identified by dark pink sectors 

(arrows in the right panel) (Adapted from (Bommanavar et al. 2017, Correia et al. 2017). 

 

1.2.3 Phenotypic switching: white-opaque transition 

Additional to yeast-to-hypha transition, C. albicans is able to form several 

more elongated yeast-like cell types (opaque, grey and GUT) that exhibit distinct 

properties and engage in different interactions with the host. Changes in cell and 

colony morphology – phenotypic switching – a spontaneous, reversible and low-



12	 CHAPTER	1	
 

frequency transition process relevant to C. albicans pathogenicity, involves the 

interconversion between white domed colonies and opaque flat colonies (Slutsky et 

al. 1987, Soll 2014b) (Figure 1.3B). White colonies grow as typical round and 

smooth creamy colored colonies. In contrast, opaque cells are larger and more 

elongated, exhibit unique cell surface irregularities – pimples – and are the mating-

competent cells. The two phenotypes vary in the ability to absorb the phloxine B 

dye, a stain that reflects alterations in cell wall permeability, readily used to 

discriminate between the white and opaque phases of C. albicans. The opaque cells 

form grey flattened colonies selectively stained dark pink with phloxine B (Anderson 

et al. 1987). White and opaque cells also differ in their gene expression profiles, 

mating competency, and virulence characteristics (Miller et al. 2002, Soll 2009). The 

white-opaque switching is highly sensitive to environmental conditions such as 

anaerobiosis (Ramirez-Zavala et al. 2008), the presence of CO
2
 (Huang et al. 2009), 

N-acetylglucosamine (Huang et al. 2010) or acidic pH (Sun et al. 2015). However, 

glucose, low levels of CO
2
 and alkaline pH promote the reverse switch to white cell 

(Slutsky et al. 1987). C. albicans white-opaque transition is regulated by genes 

present at the mating-type like (MTL) locus in response to pheromones (Miller et al. 

2002). In nature, most strains are predominantly MTL-heterozygous (a/α), in which 

cells remain in the white state. When cells become MTL-homozygous (a/a or α/α), 

strains can undergo the transition to the opaque form (Miller et al. 2002, Soll 

2009), the only mating-competent form cells of C. albicans. Moreover, mating-

incompetent white cells can also display a pheromone response through biofilm 

formation (Soll 2014a). The white-opaque switch has important consequences on C. 

albicans pathogenicity, particularly on the mucosa, by affecting fungal adherence 

and biofilm formation. For instance, opaque cells are described to be more involved 

in cutaneous infections, while white cells are more virulent in systemic candidiasis 

(Soll 2009). 

In addition to the white-opaque bistable transition, the ‘white-gray-opaque’ 

tristable phenotypic switching system was identified in C. albicans (Tao et al. 2014). 

Gray cells are an intermediate state, distinct in cellular and colony appearance from 

both the white and opaque phenotypes, that form smooth and dark colonies and 

also differ in global gene expression profile and virulence characteristics (Tao et al. 

2014, Bommanavar et al. 2017). Furthermore, another phenotype has been also 

described in C. albicans during colonization of the gastrointestinary (GI) tract in 

vivo (White et al. 2007, Pande et al. 2013). During the passage through the mouse 

GI tract, C. albicans cells adopt an appearance of a novel yeast-like GUT 
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morphotype. While GUT cells are similar in appearance to opaque cells, these cells 

are characterized by the absence of pimple structures at the cell surface and show a 

lower mating efficiency, together with the expression of a transcriptome that is 

optimized for the adaptation to the digestive tract (Pande et al. 2013). 

 

1.2.4 C. albicans cell wall structure 

The C. albicans cell wall plays important roles in pathogenicity and virulence. 

It is an essential structure, which confers mechanical stability to the cell, 

maintaining its characteristic shape, morphology and integrity, essential for fungal 

adhesion and survival within the host (Klis et al. 2001). The cell wall also acts as a 

protective barrier and has attracted interest as a potential target for novel 

antifungal agents. In response to environmental and growth conditions, the cell wall 

can alter its structure or components, affecting the host immune response (Gow et 

al. 2012). The knowledge of its components and architecture contributes to 

understanding the cell wall assembly mechanisms, which are tightly linked to C. 

albicans pathogenicity, and offer a target to explore new strategies for its control. 

C. albicans cell wall has a multi-layered structure with three major classes of 

macromolecules: mannans, β-glucans and chitin (Gow et al. 2012) (Figure 1.4). Two 

layers can be distinguished in the C. albicans cell wall: i) the outer layer (OL), 

composed by cell wall proteins (CWPs) highly O- and N-glycosylated 

(mannoproteins) that represent 35-40% of the total cell wall; and ii) the inner layer 

(IL) that contains the skeletal polysaccharides β-1,3 and β-1,6 glucans (50-60%) and 

chitin (1-2%). The CWPs located in the outer layer are attached to the inner layer via 

internal repeat domains (PIR) linkages or glycosyl-phosphatidyl-inositol (GPI), which 

is in turn linked to the skeleton through a more flexible β-1,6 glucan  (Gow et al. 

2012). While the polysaccharides localized in the inner layer – β-1,3 glucan and 

chitin – confer strength and shape to the cell wall, the less structured and 

permeable porous mannans of the outer layer do not influence cell shape. Instead, 

mannans affect the resistance of the cell wall to host molecules and the 

permeability to antifungal drugs. 
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Figure 1.4 Structural organization of the fungal C. albicans cell wall. (A) Schematic 

representation of the two layers, IL and OL, distinguished in C. albicans cell wall with major 

structural components. The main structural components located in the inner layer are the 

skeletal polysaccharides chitin (brown) and β-glucans (β-1,3 glucan, dark yellow; β-1,6 

glucan, light yellow). The outer layer is composed by mannans (pink) and cell wall proteins 

(gray) that are attached to the inner layer via GPI or PIR linkages (green). (B) Transmission 

electron micrograph sections of the C. albicans cell wall with main structural components 

identified (cell membrane, black; inner layer, yellow; outer layer, pink). 

 

1.2.5 Virulence Factors and Pathogenicity in C. albicans 

Several attributes and activities have been identified and considered 

virulence factors that contribute to the pathogenic potential of C. albicans. 

Virulence refers specifically to the ability of a pathogen to multiply and cause harm 

to its host (Casadevall et al. 2007, Mayer et al. 2013). Candida pathogenicity is due 

to the various virulence factors described above: morphogenesis (Sudbery et al. 

2004), which is an important mechanism affecting the adhesion, invasion and 

dissemination of the fungus; phenotypic switching (Soll 2014b); and cell wall 

construction (Gow et al. 2012), which is crucial for the interaction with the host 

immune cells and for stress adaptation, especially relevant in an ever-changing host 

environment. 

Furthermore, a number of other fungal attributes, such as expression of 

adhesion and invasion factors on the cell surface (Zhu et al. 2010), biofilm 

formation (d'Enfert 2006) and secretion of hydrolytic enzymes (proteases, 

phospholipases and lipases) (Hube 2006, Brown et al. 2007) are also implicated in 

C. albicans infection. C. albicans pathogenesis is defined by three major stages: 

adhesion, invasion and damage. The mechanism from attachment to invasion and 

damage is a dynamic process where it is possible to identify genes that are 

responsible for these distinct stages (Wachtler et al. 2011). 
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The phenomenon of adhesion is characterized by specialized surface 

proteins – adhesins – that mediate the attachment of fungal cells to host tissues 

and represents the initial stage of interaction in both commensalism and 

pathogenesis (Tronchin et al. 2008). Although both morphological forms of C. 

albicans are relevant during the various stages of the infectious process, 

filamentous forms are considered more adhesive due expression of numerous cell 

type-specific virulence factors including adhesins (Saville et al. 2003). One of the 

most studied groups of C. albicans adhesins is the Agglutinin-Like-Sequence (ALS), 

with members such as Als3, upregulated during infection of oral epithelial cells in 

vitro and during in vivo vaginal infection (Hoyer et al. 2008), and also the hypha-

associated GPI-anchored proteins (Hwp1) (Sundstrom et al. 2002). 

In addition to the stronger adherence capacity of hyphal cells at epithelial 

surface layers, they also exhibit greater invasiveness to tissues. Invasion of various 

tissues and resistance to attack by the host immune system is necessary for a 

pathogen to establish infection. Hyphae invasion is described to occur directly into 

cells by two different routes (Zakikhany et al. 2007): induced endocytosis and active 

penetration. Briefly, the induced endocytosis process is initiated by expression of 

fungal cell surface proteins – invasins. Als3, along with heat shock protein 1 (Ssa1), 

are the most important invasins that mediate the recognition and binding to host 

ligands such as cadherins (E-cadherin on epithelial cells and N-cadherin on 

endothelial cells) (Phan et al. 2007, Sun et al. 2010). Hyphal forms are also able to 

secret higher amounts of hydrolases, such as aspartyl proteases (SAPs), responsible 

for degradating a number of important host proteins like immunoglobulins, 

facilitating penetration and invasion into host tissues in addition to evading 

immune response (Naglik et al. 2003, Wachtler et al. 2012, Kumar et al. 2015). On 

the other hand, the factors that mediate the active penetration mechanism are still 

uncertain, although it is clearly a fungal-driven process, which requires viable C. 

albicans hyphae (Wachtler et al. 2012). Hyphal extension and adhesion, cell wall 

integrity, physical forces and SAPs have also been proposed to contribute to active 

penetration (Naglik et al. 2003). 

Hyphae invasion into or through host cells induces host damage and 

characterizes the C. albicans pathogenic state affecting the response of the host 

immune defense. The role of the immune system and the host tissue environment 

contribute to the balance between host adaptation and C. albicans virulence. This 

interaction with host tissue in favor of Candida results in deep tissue penetration 

and the establishment of infection (Hube 2004). 
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Remarkably, an important virulence factor of C. albicans is the ability to form 

a multicellular biofilm on abiotic or biotic surfaces, which increases the potency of 

this fungus to convert from commensal into a pathogenic state (Jadhav et al. 2017). 

Biofilms are the major cause of nosocomial infections due to C. albicans capacity to 

grow as a biofilm in medical devices, such as catheters, dental implants, artificial 

joints and pacemakers. Accordingly, biofilm-associated infections are responsible 

for a high rate of mortality (Douglas 2003, Pfaller et al. 2007) and the increase 

resistance of biofilms to antifungal drugs causes an enhancement of treatment 

costs and represents a relevant threat from a clinical perspective. 

The development of biofilms is initiated by different sequential steps: yeast 

cells adhere to a solid surface, tissues or devices (adherence), followed by 

proliferation of these yeast cells and the appearance and proliferation of 

pseudohyphal and hyphal cells (initiation). Consequently, biofilm maturation 

includes growth of hyphae and secretion of extracellular matrix components 

(maturation). Finally non-adherent yeast cells are released from the mature biofilm 

surface (dispersion) to seed new sites, which also contribute directly to virulence 

(Finkel et al. 2011, Lohse et al. 2018). The production of surface molecules like 

adhesins, as well as proteinases and phospholipases during biofilm formation, 

heightening adhesion, facilitates penetration and invasion in host cell membranes 

(Nobile et al. 2008). These factors are crucial mediators of contacts that promote 

biomass accumulation leading to increased virulence aid in establishing C. albicans 

infection. 

Understanding the C. albicans pathogenicity mechanisms that allow Candida 

to survive and cause disease improves the potential for developing novel 

therapeutic strategies to reduce the high mortality rates of C. albicans infection. 

The cell wall provides a resilient framework, which changes continuously and allows 

the survival over a wide range of environmental conditions (Gow et al. 2012, Gow et 

al. 2017). Under conditions of cell wall damage, redundant pathways activate 

salvage mechanisms, increasing the synthesis of cell wall polymers. The assembly 

of the cell wall can be modified and adapted to handle stress, highlighting the 

importance of this structure for the growth, survival and morphology of C. albicans. 

Indeed, the activation of a common set of conserved and regulatory signal 

transduction pathways implicated in morphogenesis, cell wall remodeling and 

integrity allow the adaptation and response of C. albicans to environment changes. 

The identification of C. albicans signaling pathways that, strengthen the 
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pathogenesis of IC, is essential to understand the overall mechanism and to further 

contribute novel approaches to control C. albicans infection. 

 

1.3 C. albicans signaling pathways 

C. albicans signaling pathways are activated in response to different stimuli 

including osmotic, oxidative or nitrosative stress, pH or temperature alterations, 

nutrient starvation, and cell wall damage induced by certain drugs. Mitogen-

activated protein kinase (MAPK) pathways are conserved signaling cascades in 

eukaryotes and represent one of the main mechanisms of adaptation to 

environmental changes in C. albicans (Alonso-Monge et al. 2006, Roman et al. 

2007). Upon perception of the stimulatory signal, the signaling cascade composed 

of a conserved module of three kinases – the MAP kinase kinase kinase (MAPKKK), 

the MAP kinase kinase (MAPKK) and the MAPK – gets activated by sequential 

phosphorylation (Figure 1.5). The MAPK is activated by the phosphorylation of two 

adjacent residues, threonine and tyrosine, in a TxY motif in the activation loop, 

leading to an adaptive response via specific downstream transcription factors, 

which activate the corresponding target genes (Roman et al. 2007). 

 

 

Figure 1.5 General scheme of the main elements of MAPKs signal transduction 

pathways in C. albicans. Different stimuli activate the core component of the cascade 

composed by a MAPKKK, a MAPKK, and a MAPK. Upon phosphorylation, the MAPK is 

translocated to the nucleus where it phosphorylates a transcription factor to promote the 

expression of the target genes leading to the adaptive response. The major MAPK pathways 

described in C. albicans are the High Osmolarity Glycerol (HOG), the Cell Wall Integrity 

(MKC) and the Filamentous growth/mating (Cek1/Cek2) (Adapted from (Alonso-Monge et al. 

2006, Correia et al. 2017). 
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In C. albicans four MAPKs have been identified and characterized: Mkc1, 

Hog1 (High Osmolarity Glycerol), Cek1 and Cek2 (Alonso-Monge et al. 2006, Roman 

et al. 2007) (Figure 1.5). The Mkc1-mediated pathway (homolog to the Slt2/Mpk1 

pathway in S. cerevisiae) responds to different stresses such as low temperature, 

osmotic and oxidative stress. Upon activation of the protein kinase C, occurs the 

sequential phosphorylation of the central MAPK core: the Bck1 (MAPKKK), the Mkk2 

(MAPKK) and the Mkc1 (MAPK) (Navarro Garcia et al. 1995). This pathway mainly 

participates in cell wall integrity, stress adaptation and biofilm development 

(Kumamoto 2005, Heilmann et al. 2013). The HOG pathway (homolog to ScHog1) is 

associated predominantly with the adaptation and response to both osmotic and 

oxidative stress, and is triggered by Sln1, a protein kinase that acts as a sensor of 

stress and signals to Ypd1 and Ssk1. The signal converges to Ssk2 (MAPKKK) and 

Pbs2 (MAPKK) that activates the respective MAPK, Hog1, leading to the activation of 

downstream effectors involved in cell wall biogenesis, morphogenesis and virulence 

(San Jose et al. 1996, Alonso-Monge et al. 1999, Enjalbert et al. 2006). The others 

MAPK pathways described in C. albicans are centered on Cek1 and Cek2, 

homologues to S. cerevisiae Kss1 and Fus3, respectively, that share the upstream 

signaling components. While Cek2 is essentially related to mating (Chen et al. 

2002), the Cek1-mediated pathway participates in morphogenesis, invasion and cell 

wall biogenesis (Csank et al. 1998, Roman et al. 2005), which is described below in 

more detail. Despite each signaling pathway responding to specific stimuli and 

generating a rather specialized response, it is clear that several cross-talk 

mechanisms exist between them. 

 

1.3.1 Cek1-mediated pathway 

The Cek1 MAPK cascade participates in cell wall biogenesis through the so-

called Sterile Vegetative Growth pathway that promotes vegetative growth under 

basal conditions. The elements of this cascade include Ste11 (MAPKKK), Hst7 

(MAPKK), Cek1 (MAPK) and also the scaffold protein Cst5 (Csank et al. 1998, Cote et 

al. 2011, Yi et al. 2011) (Figure 1.6). Cek1 can be regulated by growth signals 

requiring the upstream membrane sensors, such as Sho1, Msb2 and Opy2 (Roman 

et al. 2005, Roman et al. 2009b, Herrero de Dios et al. 2013) that lead to the 

cascade activation by sequential phosphorylation of the PAK kinase Cst20, and the 

MAPK module Ste11-Hst7-Cek1 (Csank et al. 1998), docked to the scaffold protein 
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Cst5. This module is upstream of the transcription factor Cph1 (Liu et al. 1994) 

involved in morphogenesis, hyphal formation, cell wall damage repair and 

glycosylation (Alonso-Monge et al. 2006, Ernst et al. 2011). Furthermore, the MAPK 

Cek1 pathway is also activated by the Ras1-GTPase that interacts with Cdc24/Cdc42 

to promote the phosphorylation of Cst20 and consequently of Cek1, which 

promotes filamentous growth (Sudbery 2011). In addition, a balance between Cek1 

activation and inactivation is an important step to manage the overall mechanism 

and C. albicans virulence. Similar to S. cerevisiae phosphatase Msg5, which 

dephosphorylates Fus3 (Doi et al. 1994), in C. albicans the phosphatase Cpp1 

dephosphorylates Cek1 and plays a role in phenotypic switching (Csank et al. 1997, 

Guhad et al. 1998, Deng et al. 2018). 

 

Figure 1.6 Schematic view of C. albicans MAPK Cek1-mediated pathway. Different stimuli 

are received through specific receptors at the cell membrane and transferred to the 

components of the MAPK cascade. The module of the MAPK central core Ste11-Hst7-Cek1 

transmits the signal by sequential phosphorylation, activating Cek1 that is translocated to 

the nucleus and phosphorylates the transcription factor Cph1. Cph1 controls the expression 

of genes required for vegetative growth, morphogenesis and cell wall construction (Adapted 

from (Shapiro et al. 2011, Sárkány et al. 2014). 

 

Moreover, Cek1 is a short-lived protein and can be regulated by quorum 

sensing (QS) molecules (Roman et al. 2009a), such as farnesol and tyrosol (Hornby 

et al. 2001, Chen et al. 2004). These molecules are secreted into the medium 
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during growth and are involved in morphogenesis. While farnesol inhibits hyphal 

and biofilm formation (Hornby et al. 2001, Ramage et al. 2002), tyrosol behaves in 

the opposite manner, stimulating C. albicans cell growth and hyphal development 

(Chen et al. 2004). Several studies indicate that the Cek1 pathway is involved in 

morphogenesis and filamentation. Strains with deletion of the CEK1 gene, as well as 

of CST20, HST7 or CPH1, present hyphal defects on solid medium in response to 

several hyphal-inducing conditions, and have a reduced virulence in animal models 

(Leberer et al. 1996, Lo et al. 1997, Whiteway 2000, Leberer et al. 2001). However, 

all mutants in the pathway are able to filament, which indicates that this route is 

not the only one leading to hyphae development but also reveals an important 

function of Cek1 beyond hyphae formation (Csank et al. 1998). In fact, the 

Cek1‐mediated pathway is activated in response to damage to cell surface 

glycostructures that result in higher exposure of β‐1,3 glucan and a consequent 

enhancement of dectin-1 mediated immune response, increasing phagocytosis and 

macrophage activation, revealing the importance of this pathway in C. albicans 

immune evasion mechanism (Galan-Diez et al. 2010). Moreover, Cek1 mutants and 

mutants of the upstream elements of the cascade show hypersensitivity to cell wall 

disturbing agents, such as calcofluor white and Congo red, demonstrating the role 

of Cek1 in cell wall biogenesis. The activation of the Cek1 pathway in response to 

drugs and consequently Cek1 phosphorylation support the relevance of Cek1 in cell 

wall remodeling, assembly and cell growth (Roman et al. 2005, Eisman et al. 2006, 

Roman et al. 2009a, Herrero de Dios et al. 2013, Román et al. 2016). 

Besides the involvement of Cek1 on adhesion, invasion and damage, 

regulation of morphology and hyphal associated genes under certain conditions, it 

also participates in mating in response to pheromones (Chen et al. 2002, Magee et 

al. 2002). Thus, through the Cek1/Cek2 MAP kinase pathway these two proteins 

play complementary roles in C. albicans mating. Likewise, it is clear that several 

cross-talk mechanisms exist between the Cek1 and Mkc1 and HOG pathways that 

influence the C. albicans response and its virulence (Roman et al. 2007, Alonso-

Monge et al. 2009). 
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1.3.2 Structural features and regulation of S. cerevisiae protein kinase 

Fus3 

Protein kinases are components of signaling pathways that mediate cellular 

reactions to external and internal signals. They share a common structural topology 

that is a derivation of the typical protein kinase fold and is conserved in protein 

kinases, including in C. albicans Cek1 orthologue, which displays 63% amino acid 

sequence identity with S. cerevisiae Fus3 (Figure 1.7). Remarkably, Cek1 contains a 

CUG-encoded residue at position 199, structurally equivalent to Fus3 Ser141, within 

a conserved region closed to the nucleotide-binding pocket (Figure 1.7). 

 

 

Figure 1.7 Amino acid sequence alignment of C. albicans Cek1 orthologues. Residues 

are colored according to a residue conservation scale (red: identical residues, orange to 

blue: decreasing conservation of amino acid properties; white: dissimilar residues). A blue 

triangle marks the CUG-encoded residue (Ser199) of C. albicans Cek1. S. cerevisiae Fus3 

(PDB accession code 2B9F) secondary structure elements are represented above the 

corresponding amino acid sequence (cylinders, α-helices; arrows, β-sheets). Representative 

kinase structural elements are colored according to the Fus3 structure shown in Figure 1.8. 

Figure prepared with Aline (Bond et al. 2009). 
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The structure of S. cerevisiae Fus3 shown in Figure 1.8, highlights the key 

structural and functional elements of a protein kinase, which are essentially 

conserved in C. albicans Cek1 (Figure 1.7). The globular catalytic core is flanked by 

a small N-terminal lobe (mainly composed of β-strands) and a large C-terminal lobe 

(predominantly α-helix). The glycine-rich loop (G×G××G×V) and the αC-helix are 

structural elements of the N-lobe of kinases involved in nucleotide binding (Figure 

1.8). The C-terminal lobe contains the substrate recognition elements and the 

catalytic residues (Asp137, Asn142) (Figure 1.8). The interface between these two 

lobes defines the active site cleft, where the adenine ring of ATP is deeply buried, 

with the γ-phosphate facing toward the active site opening, where protein 

substrates bind and the phosphotransfer reaction occurs (Zhang et al. 1994). 

Comparison of non-phosphorylated Fus3 (inactive form, Figure 1.8A) with Fus3 

phosphorylated at tyrosine 182 (active form, Figure 1.8B) reveals no major 

differences, apart from a more flexible activation loop, which undergoes an order-

to-disorder transition, allowing access of substrates to the binding pocket (Figure 

1.8). This activation loop is part of a flexible extension (20–35 amino acid residues) 

identified between the two conserved tripeptide motifs Asp-Phe-Gly (DFG) and Ala-

Pro-Glu (APE). In non-phosphorylated Fus3 only the N-terminal part of the activation 

loop is disordered (orange dots in Figure 1.8A), pointing to the flexible nature of 

this region, while the C-terminal part of the activation loop, containing the Thr180 

and Tyr182 phosphorylatable residues in the conserved T×Y motif (Figure 1.7B 

orange sticks) is clearly structured and positioned in the substrate binding pocket. 

Tyr182 fits into a pocket outlined by residues at the N-terminal part of helix αC, 

where a bulkier phosphotyrosine side chain would not fit due to steric constraints 

(Remenyi et al. 2005, Bhattacharyya et al. 2006). In Fus3 phosphorylated at Tyr182, 

the activation loop is disordered, suggesting increased flexibility, allowing the 

access of substrates to the binding pocket and consequent phosphorylation (Figure 

1.8B). Phosphorylation of Tyr182 induces the rotation of the N-terminal towards the 

C-terminal lobe, changes on the DFG motif and the rotation of helix αC, causing a 

conformational rearrangement of the catalytic cleft and the substrate binding site to 

achieve optimal kinase activity (Beenstock et al. 2016). 
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Figure 1.8 Structural analysis of S. cerevisiae Fus3. Overall structure of the non-

phosphorylated form of Fus3 (PDB accession code 2B9F) (A) and of Fus3 phosphorylated at 

Tyr182 (PDB accession code 2F9G) (B). The N- and C-terminal lobes form a deep cleft that 

accommodates the nucleotide and Mg2+. The main structural elements of Fus3 required for 

its catalytic activity are represented: glycine-rich loop (light blue), helix αC (green), 

activation loop (orange) with T×Y motif, between the DFG (yellow) and APE (violet) motifs 

and the catalytic loop (red). The region in the activation loop that is disordered and flexible 

is represented by orange dots. Figure prepared with PyMOL (Adapted from (Remenyi et al. 

2005, Bhattacharyya et al. 2006)). 

 

Activation of the S. cerevisiae Fus3 pathway results in the phosphorylation of 

Fus3T180,Y182
 

by the upstream MAPKK Ste7 that requires interaction with the Ste5 

scaffold protein (Remenyi et al. 2005, Bhattacharyya et al. 2006). Indeed, the Fus3 

pathway has been linked directly to Ste5, which plays a direct role in the protein 

kinase regulation though interactions between signaling components, membrane 

receptors and associated kinases by its allosteric control and feedback mechanism 

of Ste5 phosphorylation by Fus3 (Figure 1.9). 

In S. cerevisiae mating is mediated by a receptor-associated heterotrimeric G-

protein (Gαβγ) in response to pheromones leading to the dissociation of the Gα 
subunit from the Gβγ complex (Ste4/Ste18), which activate the MAPK cascade 

through the binding of the Gβ subunit (Ste4) to the Ste5 RING domain, located near 

the N-terminal region (Inouye et al. 1997) (Figure 1.9). The Ste5 RING triggers a 

rapid recruitment of this scaffold protein to the membrane domain, and is also 

involved in the Ste5 self-association (Inouye et al. 1997). The recruitment and 

stabilization of the Ste5 interaction with the plasma membrane (PM) is also 

dependent of its PM domain and the pleckstrin homology (PH) domain, which is 
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critical for initiation of downstream signaling (Figure 1.9). The Ste5 PH domain 

allows interaction with the MAPKKK Ste11, which is activated by membrane-bound 

Ste20 (Garrenton et al. 2006) (Figure 1.9). Upon MAPK pathway activation, the 

signal is transmitted from Ste11 to Ste7 and Fus3. This mechanism is mediated by 

the assembly of Ste7 through the von Willebrand type A (vWA) domain of Ste5, 

which by allosteric interaction allows the activation of Fus3 by Ste7 (Bhattacharyya 

et al. 2006, Coyle et al. 2013). 

 

 

Figure 1.9 Diagram of S. cerevisiae Ste5 interaction networks. The modular Ste5 scaffold 

protein is composed of a PM interaction domain, a RING domain, a FBD domain, a PH 

domain and vWA domain. These domains mediate the membrane recruitment of Ste5 and 

the three-tiered mating MAPK signaling pathway. The 3D structure of Fus3 (PDB accession 

code 2B9F) and the homology models of Ste4, Ste11 and Ste7 (created using the Swiss-

Model online server (Arnold et al. 2006)) were represented with PyMOL. 

 

Fus3 interacts with Ste7 through a canonical MAPK docking sites at the N-

terminal of Ste7 (10-residue peptides, with consensus sequence (R/K)
1,2
×

4-6
L×L) in 

the opposite side of Fus3 active site (Figure 1.10A) (Remenyi et al. 2005). 

Furthermore, activation of Fus3 by the scaffold protein Ste5 requires a short 30-

amino acid peptide that binds to both N- and C-terminal kinase lobes via a flexible 

linker region, enhancing autophosphorylation of Tyr182 in the Fus3 activation loop 

(Figure 1.10B) (Remenyi et al. 2005, Coyle et al. 2013). Interestingly, this Fus3 

binding domain (FBD) appears to be important for regulatory feedback 

phosphorylation of Ste5 by Fus3, rather than for core signal transmission through 

the MAPK cascade (Bhattacharyya et al. 2006, Good et al. 2009). Phosphorylation of 

at least four sites on the Ste5 scaffold is dependent on recruitment of Fus3 through 

the Ste5-FBD, which inhibits pathway activity (Malleshaiah et al. 2010). Moreover, an 

intramolecular interaction between the PH domain and vWA domain of Ste5 scaffold 

protein also inhibits MAPK activation (Zalatan et al. 2012). Recently, the N-terminal 
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cluster of phosphorylation sites in Ste5 was demonstrated to be important for Ste5 

membrane localization and regulation of signal output (Winters et al. 2005, Repetto 

et al. 2018). In addition to Ste5, other regulatory phospho-inhibition mechanisms, 

such as the phosphatase Msg5 (Nagiec et al. 2015) and the Gγ subunit of Ste18 are 

also involved in the negative regulatory mechanism by preventing Ste5 association 

to PM (Choudhury et al. 2018). 

 

 

Figure 1.10 Overall structure of Fus3 in complex with Ste7 and Ste5 peptides. (A) 

Structure of Fus3 with docking motif from Ste7 (Ste7_peptide, purple; PDB accession code 

2B9H). (B) Structure of Fus3 in complex with Ste5_peptide (cyan, PDB accession code 2F49), 

which binds to Fus3 in a bipartite manner (site A and B). Figure prepared with PyMOL. 

(Adapted from (Remenyi et al. 2005, Bhattacharyya et al. 2006)). 

 

Besides the specific phosphorylation by upstream kinases, some protein 

kinases are activated by autophosphorylation of their activation segment, either 

through an intramolecular (cis) or intermolecular (trans) reaction (Oliver et al. 2007, 

Lochhead 2009). In the case of Fus3, autophosphorylation at Tyr182 occurs in cis 

and is relevant for producing different signaling outcomes (Bhattacharyya et al. 

2006). Despite the high sequence similarity between S. cerevisiae Fus3, C. albicans 

Cek1 and many of the components of these MAPK pathways, the mechanism by 

which Cek1 phosphorylation and activation occurs remains unclear. In particular, 

the presence of proteins containing CUG-encoded residues in the Cek1-mediated 

pathway, as well as the disappearance of the vWA domain in Cst5, compared to S. 

cerevisiae Ste5, might challenge signal transduction and the complex interplay of 

protein interaction networks suggesting a reshaped molecular mechanism in Cek1 

with potential implications for C. albicans virulence. 
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1.4 Objectives 

C. albicans is an opportunistic human fungal pathogen, which can cause 

from superficial infections of the oral and genital tract to systemic disease in 

individuals with a compromised immune system. The high mortality rate associated 

with C. albicans infections is mainly due to the resistance to antifungal agents, 

making this polymorphic fungus the most prevalent causative agent of candidemia 

and a significant global health problem. An intriguing feature of C. albicans biology 

is the non-standard usage of the CUG codon, which is mainly decoded as serine 

(97%) but also translated with the standard meaning as leucine (3%), an ambiguous 

interpretation of the genetic code that might have impact for virulence. The ability 

to adapt to changing environmental conditions is ensured by signaling networks 

that include the MAPK signaling pathway centered on Cek1, enriched in proteins 

containing CUG residues. The Cek1-mediated pathway, which is involved in 

filamentous growth and in the biogenesis of the fungal cell wall, encompasses the 

upstream MAP kinases Ste11, Ste7 and also the scaffold protein Cst5. In order to 

understand and contribute new insights into the impact of CUG translational 

ambiguity for C. albicans virulence and pathogenesis, the main goal of the thesis 

was to explore the consequences of the CUG residue identity on the structure, 

function and macromolecular interactions of key proteins within the MAPK Cek1 

pathway. To accomplish this central goal, the work includes three main sections: 

In the first part, described in Chapter 2, we aimed to characterize the active 

domain of the Cek1 protein kinase, by analyzing the role of CUG residue identity on 

the stability, function and structure of this target protein. The Cek1 kinase contains 

a CUG residue in a strictly conserved position, close to the nucleotide binding 

pocket, where a serine or a leucine incorporation could modulate its kinase activity 

and substrate recognition. 

In Chapter 3, following the observation that the Cek1 N-terminal tail is 

enriched in amino acid repeats, we wanted to understand the role of this non-

globular region of the protein on the structure and catalytic function of this MAPK. 

To address this question, full-length Cek1 variants containing a serine or a leucine 

at the CUG residue were characterized to provide insights on the interplay between 

CUG ambiguity and the amino acid repeats in protein structure and function. 

In Chapter 4 the objective was to explore the molecular details of the 

interactions between Cek1 and different components of the MAPK cascade: the 
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scaffold protein Cst5 and the upstream MAPKK Hst7. Moreover, a specific goal was 

to understand if those protein-protein interactions could be regulated by CUG 

residue identity. Considering this aim, we characterized the scaffold protein Cst5 

and MAPKK Hst7 using biophysical and structural methods, a step towards 

understanding the macromolecular interaction networks and the consequences of 

CUG ambiguous decoding in rewiring protein interactions in the Cek1 signaling 

cascade linked to C. albicans virulence traits. 

 

Throughout this thesis we combined biophysical and molecular biology 

approaches to achieve the goals established. The first challenge of the project was 

to produce enough high-quality recombinant proteins (Cek1, Hst7 and Cst5) in 

Escherichia coli, a heterologous protein expression system. In order to circumvent 

the difficulties producing Cst5, a library-based construct screening method, termed 

ESPRIT (Expression of Soluble Proteins by Random Incremental Truncation) was 

used. The recombinant proteins used were purified by standard chromatographic 

techniques and further analyzed in terms of structural integrity and homogeneity by 

several methods: dynamic light scattering (DLS) that provides information on the 

size characteristics and the homogeneity of proteins; circular dichroism 

spectroscopy (CD) that affords an estimation of the content of secondary structural 

features, by comparison with reference datasets from proteins with known three-

dimensional structures; differential scanning fluorimetry (DSF), which relies on an 

environmentally sensitive fluorescent dye (Sypro Orange), was used to determine 

the melting temperatures (Tm) of the proteins and infer their thermal stability. 

Moreover, the phosphorylation state of Cek1 was analyzed by immunoblot 

with specific antibodies and confirmed by mass spectrometry analysis. The kinase 

activity of Cek1 was monitored by the determination of ADP production in a 

bioluminescent kinase assay (ADP-Glo). In addition, a fluorescence method using an 

ATP analog (2’,3´-O-(2,4,6-trinitrophenyl) adenosine 5-triphosphate (TNP-ATP), was 

utilized to explore its nucleotide binding affinity. TNP-ATP displays minimal 

fluorescence in solution by itself, but upon binding to a protein a significant 

fluorescence increase is observed. Besides, to uncover the macromolecular 

dynamics of Cek1, the interaction between Cek1 and its molecular partners was 

assessed using the biolayer interferometry system (BLI). Finally, to complement the 

work, the crystallization of the target proteins (Cek1, Hst7 and Cst5) was attempted 

to allow the determination of their threedimensional structure by Xray 

crystallography, either free or in complex with their molecular partners. 
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As a whole, the work developed in this thesis provided new insights into the 

impact of the CUG residue identity on the dynamics and regulation of the Cek1 

signaling cascade, which may facilitate the design of new therapeutic approaches to 

the opportunistic fungal pathogen C. albicans. 
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2.1 Introduction 

Over the years it has been repeatedly demonstrated that the genetic code is 

not immutable and the presence of non-standard translation in evolutionarily 

distant organisms was frequently observed (Knight et al. 2001a). Variations in 

codon assignment, including several sense-to-sense codon alterations, have been 

identified in numerous mitochondrial genomes (Knight et al. 2001b), which are 

smaller than nuclear genomes and where genetic code changes are less likely to be 

harmful (Bezerra et al. 2015). Alterations in the canonical genetic code involving 

nonsense-to-sense codon modifications, such as the reassignment of standard 

termination codons to different amino acids occurred frequently in mitochondrial 

genomes (Bezerra et al. 2015), possibly through a mechanism preceded by codon-

anticodon mismatches and dual function of stop codons (Seligmann 2018). 

Reassignment of termination codons to glutamine, cysteine or tryptophan also 

occurs in nuclear genomes (Bezerra et al. 2015), and recent studies showed that in 

some ciliates termination codons can be ambiguously recognized as either sense or 

stops in a context-dependent manner (Swart et al. 2016). Furthermore, ambiguous 

meaning of translation stop codons is at the basis of natural expansion of the 

genetic code, which occurs by insertion of non-canonical amino acids such as 

selenocysteine at UGA sites in prokaryotes and eukaryotes, and pyrrolysine at UAG 

codons in Methanosarcinaceae methyltransferase coding genes (Ambrogelly et al. 

2007). 

The reassignment of the “universal” leucine CUG codon to serine or alanine is 

the only known case of alteration of sense codon meaning in nuclear genomes and 

has been demonstrated in different yeast species with biotechnological or 

biomedical relevance. The first evidence for the change in the meaning of the CUG 

codon was found in yeast species belonging to the CTG-clade that comprise the 

most pathogenic Candida species, including C. albicans (Santos et al. 1993). The 

yeast Pachysolen tannophilus translates CUG codons as alanine instead of the 

canonical leucine, with implications in biotechnological applications (Muhlhausen et 

al. 2016). Some yeasts ambiguously decode the CUG codon as leucine and serine 

through different mechanisms, an intriguing feature considering that accuracy 

during translation of the genetic code is critical to ensure adequate cell function 

and mistranslation can negatively impact cell survival (Kapur et al. 2018, Santos et 

al. 2018). However, recent data show that cells are relatively tolerant to errors in 

protein translation, and that increased mistranslation (e.g., under stress conditions) 
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enhances microbial fitness and modulates host-microbe interactions (Evans et al. 

2018). 

C. albicans translates the CUG codon predominantly as serine (97%) with only 

a small percentage (3%) being translated as leucine (Santos et al. 1995, Miranda et 

al. 2007). In response to environmental and stress conditions, such as low pH or 

during oxidative stress, the incorporation of leucine increases to up to 5% (Gomes 

et al. 2007). The levels of leucine insertion at CUG codons can be artificially 

increased to between 28% and 98% in engineered C. albicans strains, resulting in 

colonies with high morphological diversity, enhanced expression of genes involved 

in cell adhesion, as well as increased resistance to antifungal agents, oxidative 

stress and decreased susceptibility to phagocytosis by macrophages (Miranda et al. 

2007, Bezerra et al. 2013, Miranda et al. 2013). Those results suggested that 

proteome expansion resulting from ambiguous CUG translation might result in 

phenotypic diversity, increase fitness and modulate host-pathogen interactions. 

Interestingly, increased incorporation of leucine at CUG codons up to 28% did not 

result in significant changes in growth rates (Gomes et al. 2007, Miranda et al. 

2007), demonstrating the high tolerance of C. albicans to CUG ambiguity. Indeed, 

in C. albicans and other CTG-clade species the distribution of residues encoded by 

CUG codons is prevalent in non-conserved and partially exposed regions at the 

protein surface, where both leucine and serine can be incorporated without major 

impact on protein structure or function (Rocha et al. 2011). However, in a few 

proteins, the residues encoded by CUG codons are located in functionally relevant 

positions, where a serine or other polar amino acids are generally conserved in 

homologous proteins. In contrast, in Ascoideia asiatica the CUG codon is translated 

either as leucine or serine at approximately equal proportions in a stochastic 

manner, and CUG-encoded residues in key structural and functional sites are strictly 

avoided (Muhlhausen et al. 2018). 

Some studies have demonstrated that CUG ambiguity impacts the activity and 

regulation of C. albicans proteins with no major changes on the global protein 

structure. Examples are C. albicans eukaryotic translation initiation factor 4E that 

contains a CUG-encoded residue located at the protein surface (Feketova et al. 

2010), and the seryl- and leucyl-tRNA synthetases that contain a single CUG-

encoded residue each at highly conserved amino acid sequence positions (Rocha et 

al. 2011, Zhou et al. 2013, Ji et al. 2016). Previous analysis of the impact of CUG 

ambiguous translation in the C. albicans proteome revealed that CUG codons are 

over-represented on key signaling pathways, such as the Mitogen Activated Protein 
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Kinase (MAPK) pathway, that respond to various external cues and mediate the 

regulation of morphogenesis and virulence (Rocha et al. 2011). In particular, Cek1, 

a key MAPK, contains one CUG-encoded residue in the nucleotide binding pocket in 

a position where a serine is strictly conserved in homologous proteins, and 

ambiguity is predicted to have functional impact (Rocha et al. 2011, Sárkány et al. 

2014) (Figure 2.1). Cek1 is activated by sequential phosphorylation by upstream 

MAPK cascade activators (Cst20-Ste11-Ste7) in response to extracellular stimuli, 

leading to the phosphorylation of the transcription factor Cph1 (Maiti et al. 2015). 

This kinase is involved in distinct essential mechanisms of C. albicans: invasive 

hyphal growth (Csank et al. 1998, Roman et al. 2009, Gow et al. 2012), biofilm 

formation (Yi et al. 2011), cell wall integrity, host recognition (Galan-Diez et al. 

2010, Herrero-de-Dios et al. 2014), and response to oxidative and osmotic stress 

(Alonso-Monge et al. 2006), and therefore it is a key target to explore CUG 

ambiguity-mediated morphological changes. 

 

 

Figure 2.1 Structural analysis of C. albicans Cek1. Amino acid sequence alignment of C. 

albicans Cek1 and of S. cerevisiae orthologue Fus3. The secondary structure elements of S. 

cerevisiae Fus3 (PDB accession code 2B9F) are represented below the corresponding amino 

acid sequence (red cylinders, α-helices; pink cylinders, 3
10

 helices; yellow arrows, β-sheets). 

Important residues are marked: CUG-encoded residue (Ser199; blue triangle), catalytic 

residue (Lys100; black circle) and 231TEY233 motif (black box). Detailed view of the ATP-

binding pocket of S. cerevisiae Fus3: Ser141 (shown as sticks) of Fus3 is structurally 

equivalent to the C. albicans CUG-encoded residue 199. Hydrogen bonds are represented as 

dashed lines. The magnesium ion is represented as a pink sphere and blue spheres 

represent ordered water molecules. 
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To assess the impact of CUG ambiguity on Cek1 kinase, two recombinant 

variants of the active domain of Cek1, having a serine or a leucine residue at the 

CUG-encoded position (ΔN-Cek1_Ser or ΔN-Cek1_Leu) were expressed and purified 

for structural and functional studies. Biochemical and biophysical data show that 

although the incorporation of leucine at this position does not induce Cek1 

unfolding, it reduces the protein’s thermal stability and decreases its enzymatic 

activity. In addition, we show for the first time that only the Cek1_Ser variant from 

C. albicans is autophosphorylated in vitro at the tyrosine residue of the conserved 

threonine-glutamate-tyrosine (231TEY233) motif within the kinase activation loop. 

 

2.2 Materials and Methods 

2.2.1 Cloning, expression and purification of Cek1 

A synthetic gene encoding full-length C. albicans Cek1 (serine variant for 

CUG codon at position 199) with codon usage optimized for expression in 

Escherichia coli was obtained from a commercial supplier (Eurofins Scientific). The 

active domain of Cek1 (amino acids 58-421) was amplified by PCR and cloned into 

expression vector pETMBP (EMBL dabatase) in frame with a N-terminal hexahistidine 

(His6) tag, the maltose binding protein (MBP) solubility tag and a tobacco etch virus 

(TEV) protease recognition site. This tagged form of the active domain of Cek1 is 

herein named ΔN-Cek1. The ΔN-Cek1_Ser (serine variant – UCC replacing the CUG 

codon) expression plasmid was used as template to produce a plasmid expressing 

ΔN-Cek1_Leu (leucine variant – UUA replacing the CUG codon) by site-directed 

mutagenesis (QuikChange, Agilent Technologies) (Table 2.1). To prepare the Cek1 

phosphorylation-null mutants, Thr231 and Tyr233 of the conserved 231TEY233 

phosphorylation motif were mutated to valine and phenylalanine (ΔN-Cek1TV, ΔN-

Cek1YF, ΔN-Cek1TV/YF), respectively. Furthermore, using the same strategy a 

phosphomimetic mutant where Thr231 was mutated to aspartate (ΔN-Cek1TD) and 

the kinase-dead mutant, with Lys100 replaced by arginine (ΔN-Cek1KR) was 

produced (Table 2.1). All residue numbers refer to the full-length amino acid 

sequence of C. albicans Cek1. 

 

 



CHAPTER	2	 43	
 

 

Table 2.1 Oligonucleotides used to amplify the Cek1 active domain and for site-directed 

mutagenesis. 

 

 

Cek1 variants (ΔN-Cek1_Ser and ΔN-Cek1_Leu) and ΔN-Cek1_Ser mutants 

were overexpressed in E. coli strain BL21 StarTM (DE3) (Stratagene). Following 

transformation, E. coli cells were grown in Luria-Bertani medium at 37°C until an 

OD
600

 of 0.6-0.8. At this point, the temperature was decreased to 20°C and protein 

expression was induced with addition of 0.9 mM isopropyl β-D-1-

thiogalactopyranoside (IPTG) and allowed to proceed overnight. Cells were 

harvested by centrifugation at 4°C and 4000 g for 30 min, resuspended in lysis 

buffer (40 mM Tris-HCl pH 7.5, 500 mM NaCl, 5% (v/v) glycerol, 5mM 2-β-

mercaptoethanol) supplemented with 100 µg/ml lysozyme and stored at -20°C. 

Prior to lysis by sonication (SONOPULS HD2200, Bandelin Electronic), 

phenylmethylsulfonyl fluoride (PMSF) was added to the cell suspension. The crude 

Oligonucleotide Sequence (5´ to 3´) Use 

Cek1_For CCGGCCATGGGCAGTCCACGTCAGGTCAGC gene amplification 

Cek1_Rev CCGGGGTACCTTATTTCATGATTTCTTCATACAG gene amplification 

Cek1_Leu_For TGGAGTTCAGCAACAAGTTTAAGGGCTTCAGATCGC

GATG 

mutagenesis 

Cek1_Leu_Rev CATCGCGATCTGAAGCCCTTAAACTTGTTGCTGAAC

TCCA 

mutagenesis 

Cek1_TV_For GAGGACAATTATGGCTTTATGGTCGAATACGTTGCA

ACCCGTTG 

mutagenesis 

Cek1_TV_Rev CAACGGGTTGCAACGTATTCGACCATAAAGCCATAA

TTGTCCTC 

mutagenesis 

Cek1_YF_For CAATTATGGCTTTATGACCGAATTCGTTGCAACCCG mutagenesis 

Cek1_YF_Rev CGGGTTGCAACGAATTCGGTCATAAAGCCATAATTG mutagenesis 

Cek1_TV/YF_For GGAGGACAATTATGGCTTTATGGTCGAATTCGTTGC

AACCCGTTGGTA 

mutagenesis 

Cek1_TV/YF_Rev TACCAACGGGTTGCAACGAATTCGACCATAAAGCCA

TAATTGTCCTCC 

mutagenesis 

Cek1_KR_For GCAACAGAAAGTTGCGATAAGGAAAATCGAACCGTT

TGAAC 

mutagenesis 

Cek1_KR_Rev GTTCAAACGGTTCGATTTTCCTTATCGCAACTTTCT

GTTGC 

mutagenesis 

Cek1_TD_For CAACGGGTTGCAACGTATTCGTCCATAAAGCCATAA

TTGTCCTC 

mutagenesis 

Cek1_TD_Rev GAGGACAATTATGGCTTTATGGACGAATACGTTGCA

ACCCGTTG 

mutagenesis 
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cell extract was clarified by centrifugation at 4°C and 35,000 g for 45 min and 

loaded onto a HisTrap HP column (5 ml, GE Healthcare) pre-equilibrated in buffer A 

(40 mM Tris-HCl pH 7.5, 500 mM NaCl, 20 mM imidazole, 5% (v/v) glycerol, 5 mM 

MgCl
2
, 5 mM β-mercaptoethanol). Bound proteins were eluted with buffer A 

supplemented with 75 mM imidazole. Cek1-containing fractions were pooled and 

further purified by size exclusion chromatography (SEC) on a HiPrep 26/60 

Sephacryl S-100 column (GE Healthcare) equilibrated with protein buffer (20 mM 

Tris-HCl pH 7.5, 150 mM NaCl, 5% (v/v) glycerol, 5 mM MgCl
2
, 1 mM DTT). Fractions 

from the preparative size exclusion chromatography were analyzed by SDS-PAGE 

and those containing pure Cek1 were pooled and concentrated on centrifugal 

ultrafiltration devices (10 kDa cutoff; Merck Millipore). Final protein concentration 

was estimated by measuring the absorbance of the samples at 280nm using the 

theoretical extinction coefficient for each variant (Table 2.2) prior to storing the 

samples at -80°C. Additionally, the purity and oligomeric state of the purified 

proteins were analyzed by SEC on a Superdex 200 10/300 GL column (GE 

Healthcare) using protein buffer as mobile phase. The average yields for the 

purified ΔN-Cek1_Ser and ΔN-Cek1_Leu variants were 5 and 1 mg per liter of E. coli 

culture, respectively. 

In order to remove the fusion tags (His6 and MBP tags), purified ΔN-Cek1 was 

digested with TEV protease overnight at 4°C in protein buffer. The buffer of the 

sample was then exchanged to 20 mM Tris-HCl pH 7.5, 300 mM NaCl, 5% (v/v) 

glycerol using a HiPrep 26/10 desalting column (GE Healthcare), prior to a second 

immobilized metal affinity chromatography (IMAC) step using a HisTrap HP column 

equilibrated with buffer A. Untagged Cek1 present in the HisTrap column flow 

through was further purified on a Superdex 75 10/300 GL column equilibrated with 

protein buffer and eluted protein fractions containing pure Cek1, as assessed by 

SDS-PAGE, were pooled, concentrated and stored at -80°C until used. 
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Table 2.2 Extinction coefficient of Cek1 variants and Cek1_Ser mutants based on amino acid 

sequence. 

Protein CUG residue Mutation 
Extinction coefficient 

(M-1 cm-1) (tag/no tag) 

ΔN-Cek1_Ser serine - 109,670/41,830 

ΔN-Cek1_Leu leucine - 109,670/41,830 

ΔN-Cek1TV_Ser serine threonine to valine 109,670/41,830 

ΔN-Cek1YF_Ser serine tyrosine to phenylalanine 108,180/40,340 

ΔN-Cek1TV/YF_Ser serine 
threonine to valine and 

tyrosine to phenylalanine 
108,180/40,340 

ΔN-Cek1KR_Ser serine lysine to arginine 109,670/41,830 

ΔN-Cek1TD_Ser serine Threonine to aspartate 109,670/41,830 

 

2.2.2 Dynamic light scattering 

Molecular size measurements were carried out in a Zetasizer Nano ZS DLS 

system (Malvern Instruments) using a DTS 2112 cuvette. ΔN-Cek1 was diluted in 

protein buffer to 1 mg/ml and three independent measurements were made for 

each sample at 20°C. The intensity size distribution obtained by dynamic light 

scattering (DLS) is a plot of relative intensity of light scattered by particles in 

different size classes. However, when there is more than one peak in this plot, the 

intensity size distribution must be converted to a volume size distribution for a 

more realistic view of the data (Stetefeld et al. 2016), as was the case for Cek1 

protein samples. All data were analyzed using DLS (nano) software (Malvern 

Instruments) to determine the polydispersity (Pd) (relative standard deviation) and 

the mean hydrodynamic radius (R
H
) values from the volume distributions, used to 

estimate the molecular weight (assuming a globular protein) from a built-in 

empirical calibration graph. 

 

2.2.3 Circular dichroism 

The overall secondary structure of ΔN-Cek1 variants (ΔN-Cek1_Ser and ΔN-

Cek1_Leu) and of selected mutants was assessed by far-UV circular dichroism (CD) 

using a J815 circular dichroism spectrometer (JASCO). Measurements of samples at 

0.1 mg/ml were performed at 20°C with 1 nm bandwidth, 1 s response, 100 

nm/min scanning speed and 6 accumulations. The circular dichroism spectra (190-
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260 nm) were analyzed using the JASCO software (JASCO) to determine the 

secondary structure content of the samples. 

 

2.2.4 Differential scanning fluorimetry 

The thermal stability of the ΔN-Cek1 (0.3 mg/ml) assessed by differential 

scanning fluorimetry (DSF) was determined by following SYPRO Orange (Invitrogen) 

fluorescence using an iCycler iQ5 Multicolor Real-Time PCR Detection System (Bio-

Rad). The melting curves (excitation / emission, 470 nm / 570 nm) were obtained 

by increasing the temperature from 25 to 85°C in 0.5°C steps with 30 s hold time. 

Data were analyzed with CFX Manager software (Bio-Rad), which calculates the 

melting temperature (Tm) from the inflection point of the melting curve. The 

thermal denaturation assay was performed in triplicate for each protein and data 

represent the average of three independent experiments with standard error. A 

statistical analysis was performed using one-way ANOVA (Tukey multicomparison 

test) p<0.05 with Prism7 (GraphPad Software). 

 

2.2.5 Cek1 phosphorylation in vitro 

The immunoblot analysis of ΔN-Cek1 proteins was performed using 

polyclonal anti-Cek1 serum produced in-house by immunizing rabbits with the 

untagged active domain of ΔN-Cek1. Purified proteins were separated on 12% (w/v) 

polyacrylamide SDS-PAGE gels and electrotransferred onto nitrocellulose 

membranes. The membranes were blocked with 5% (w/v) BSA in TBS-Tween (25 mM 

Tris-HCl pH 7.5, 150 mM NaCl, 0.1% (v/v) Tween 20) for 1 h at room temperature 

(RT), incubated overnight at 4°C with rabbit anti-Cek1 serum (1:5000), followed by 

an incubation with anti-rabbit IgG HRP-conjugated antibody (1:10000) for 1h at RT. 

ΔN-Cek1 samples were detected with ECL Plus reagent (GE Healthcare). The 

phosphorylation state of recombinant ΔN-Cek1 proteins was evaluated by 

immunoblot analysis using a phospho-specific antibody. After blocking, membranes 

were incubated with rabbit anti-phospho p44/42 MAPK antibody (1:2000, Cell 

Signaling Technology) overnight at 4°C, and then with anti-rabbit IgG HRP-

conjugated antibody (1:10000) for 1h at RT. Phosphorylated samples were detected 

with ECL Plus reagent. 

Cek1 autophosphorylation activity was probed by mixing ΔN-Cek1_Ser or the 

phosphomimetic mutant ΔN-Cek1TD_Ser with the untagged catalytically inactive 
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mutant (untagged ΔN-Cek1KR_Ser, used as substrate, 2:1 molar ratio). The reaction 

at RT was initiated by addition of 1mM ATP and the phosphorylation status of the 

catalytically inactive mutant at different time points was evaluated by immunoblot 

with rabbit anti-phospho p44/42 MAPK antibody and anti-Cek1 serum, as described 

above. 

 

2.2.6 Cek1 activity assay 

The activity of purified ΔN-Cek1 was monitored by measure the production 

of ADP using a chemiluminescent ADP detection assay (ADP-Glo kit, Promega). The 

reactions were performed in 384-well plates, kept in the dark, using 40 mM Tris-HCl 

pH 7.5, 20 mM MgCl
2
, 0.1 mg/ml BSA as assay buffer. The standard curves of ATP 

to ADP conversion were determined using different ATP/ADP concentrations 

according to the manufacturer’s protocol. The reactions were started by the 

addition of 1 mM ATP to 10 µM ΔN-Cek1, and stopped by addition of ADP-GloTM 

Reagent after 1h incubation. Measurements were performed using an endpoint 

luminescence protocol in a Synergy 2 plate reader (BioTek). 

 

2.2.7 Mass spectrometry 

Protein identification and quantitation was performed by nanoscale liquid 

chromatography coupled to tandem mass spectrometry (nano LC-MS/MS), using an 

equipment composed by an Ultimate 3000 liquid chromatography system coupled 

to a Q-Exactive Hybrid Quadrupole-Orbitrap mass spectrometer (Thermo Scientific). 

Samples were loaded onto a trapping cartridge (Acclaim PepMap C18, Thermo 

Scientific) and after 3 min loading, trap column was switched in-line to a EASY-Spray 

column (PepMap RSLC, C18, Thermo Scientific). Separation was achieved using a 

formic acid (FA: 0.1% (v/v)) and acetonitrile (AC: 80% (v/v)) gradient (10 min (2.5% to 

10% AC), 180 min (10% to 35% AC), 30 min (35% to 99% AC) and 30 min (hold 99% 

AC)). Subsequently, the column was equilibrated with 2.5% AC for 40 min. Data 

acquisition was controlled with Xcalibur 4.0 and Tune 2.8 software (Thermo 

Scientific). The mass spectrometer was operated in data-dependent (dd) positive 

acquisition mode alternating between a full scan (m/z 380-1580) and subsequent 

HCD MS/MS of the 10 most intense peaks from full scan (normalized collision 

energy of 27%). The ESI spray voltage was 1.9 kV. 
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The raw data were processed using Proteome Discoverer 2.2.0.388 software 

(Thermo Scientific) and searched against the SwissProt/UniProt database. The 

Sequest HT search engine was used to identify tryptic peptides. The ion mass 

tolerance was 10 ppm for precursor ions and 0.02 Da for fragment ions. The 

maximum allowed number of missing cleavage sites was set to 2. Cysteine 

carbamidomethylation was defined as constant modification. Methionine oxidation, 

phosphorylation (S, T and Y) and protein N-terminus acetylation were defined as 

variable modifications. Peptide confidence was set to high. The processing node 

Percolator was enabled with the following settings: maximum delta Cn 0.05; decoy 

database search target FDR 1%, validation was based on q-value. 

 

2.2.8 Fluorescence measurements 

The nucleotide binding assay was performed with the fluorescent analog of 

ATP, TNP-ATP (Jena Bioscience). The fluorescence emission scanning spectra were 

obtained with a Fluoromax-4 spectrofluorometer (HORIBA) in protein buffer at 20°C 

using a quartz cuvette (10x10 mm). Samples were excited at 410 nm and emission 

spectra scanned from 500-600 nm, with excitation and emission slits set at 6 nm. 

For fluorescence titrations, ΔN-Cek1 variants (5 µM) were mixed with TNP-ATP (0-25 

µM) and emission was recorded at 547 nm wavelength. The fluorescence of TNP-

ATP was subtracted from the total fluorescence (enzyme plus TNP-ATP) to yield the 

specific fluorescence enhancement and data were normalized to the maximum 

fluorescence and analyzed using the nonlinear curve fitting to determine TNP-ATP 

binding affinity (K
d
 TNP-ATP) with Prism7 (GraphPad Software). 

2.2.9 Crystallization of ΔN-Cek1 

Initial crystallization trials were performed in-house by sitting-drop vapour 

diffusion method at 20°C in 24-well plates. Drops consisted of equal volumes (1µL) 

of ΔN-Cek1_Ser variant protein (9 mg/ml in protein buffer: 20 mM Tris-HCl pH 7.5, 

150 mM NaCl, 5% (v/v) glycerol, 5 mM MgCl
2
, 1 mM DTT) and precipitant solution, 

equilibrated against 300 µl of reservoir solution. The following crystallization 

commercial screens were used: Morpheus HT96, PACT premier (Molecular 

Dimensions), Grid Screen Ammonium Sulfate and Grid Screen Sodium Malonate 

(Hampton Research). 
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Additional crystallization conditions were screened at the High-throughput 

Crystallization Laboratory (HTX lab, EMBL, Grenoble, France) using the 

crystallization kits Index (Hampton Research), JCSG, PEGs-I, Classics-Suite (Qiagen) 

Wizard I&II (Rigaku Reagents) and Morpheus (Molecular Dimensions). In this case, 

the inactive kinase-dead mutant ΔN-Cek1KR_Ser (18 mg/ml) together with the 

untagged ΔN-Cek1KR_Ser (5 mg/ml) and the phosphorylation-null mutant ΔN-

Cek1TV_Ser (9.5 mg/ml) were used. Moreover, crystallization of ΔN-Cek1KR_Ser and 

ΔN-Cek1TV_Ser were also achieved in complex with 1mM of ADP (Adenosine 

diphosphate) and AppCp (Adenosine-5'-((β,γ)-methyleno) triphosphate, sodium salt) 

(Jena Bioscience). 

 

2.3 Results 

2.3.1 The C. albicans ΔN-Cek1_Ser variant is more stable than ΔN-

Cek1_Leu 

In order to evaluate the structural impact of serine or leucine insertion at the 

CUG-encoded position of Cek1, a thorough biophysical characterization was 

performed. Analytical SEC showed no differences on the elution profile of the two 

ΔN-Cek1 variants, with elution volumes compatible with monomeric proteins (85 

kDa; Figure 2.2A). In accordance, DLS measurements indicated that both ΔN-Cek1 

variants were monodisperse, with hydrodynamic radii consistent with a monomeric 

organization (Figure 2.2B). Additionally, the presence of leucine or serine at the 

CUG-encoded position had no major impact on the fold of the ΔN-Cek1 kinase, 

since no major structural differences were observed by CD spectroscopy (Figure 

2.2C). Indeed, the CD spectra revealed no significant differences in secondary 

structure content between the two forms (Cek1_Ser: 32% α-helix, 43% β-sheet, 1.6% 

β-turn; Cek1_Leu: 34% α-helix, 41% β-sheet, 1.6% β-turn), indicating a preservation of 

the overall structure. Interestingly, the incorporation of serine at the CUG-encoded 

position leads to an increase (+3°C) in the Tm of ΔN-Cek1, as determined by DSF 

(Figure 2.2D). 

The stability of the two ΔN-Cek1 variants was unaltered by the addition of 

nucleotides, since their Tm remained unchanged upon incubation with ATP (Table 

2.3). Altogether, these results indicate that the presence of a leucine residue at the 

single CUG-encoded position did not induce protein misfolding but significantly 
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reduced the thermal stability of ΔN-Cek1, which was not due to differences in the 

phosphorylation states of the two variants, as shown below. 

 

 

Figure 2.2 Biophysical characterization of C. albicans Cek1 variants. (A) SEC of ΔN-

Cek1_Ser (solid line) and Cek1_Leu (dashed line). Both variants elute as monomers (85 kDa). 

Downward triangles indicate the elution volume of protein standards: 1 - Aldolase (158 

kDa), 2 – Conalbumin (75 kDa) and 3 – Ovalbumin (43 kDa). (B) The two ΔN-Cek1 variants 

are monodisperse (Pd=26.8% ΔN-Cek1_Ser; Pd=29.3% ΔN-Cek1_Leu) and monomeric (R
H
 ΔN-

Cek1_Ser=4.05nm; R
H
 ΔN-Cek1_Leu=4.18nm, in good agreement with the estimated 

molecular mass of Cek1), as assessed by DLS. (C) CD spectra of ΔN-Cek1_Ser and ΔN-

Cek1_Leu revealing no significant differences in overall secondary structure. (D) 

Representative thermal denaturation measured by DSF for both variants of ΔN-Cek1. The 

normalized fluorescence intensity is plotted as a function of the temperature (°C). The 

temperature at the inflection point of the unfolding transition defines the Tm value for each 

protein (Tm ΔN-Cek1_Ser=43.1 ± 0.7°C; Tm ΔN-Cek1_Leu=40.5 ± 0.3°C). 
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Table 2.3 Thermal stability of ΔN-Cek1_Ser and ΔN-Cek1_Leu variants incubated with ATP. 

Data shown are mean ± standard error of the mean (n=3). Statistics were analyzed using 

one-way ANOVA (Tukey multicomparison test) p<0.05 for a 95% confidence interval 

comparing each variant, ΔN-Cek1_Ser or ΔN-Cek1_Leu with ATP (p>0.05 non-significant (ns), 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 

Protein 
Melting temperature (°C) 

(mean ± SD) 

Significance 

(adjusted p value) 

ΔN-Cek1_Ser 43.1 ± 0.7 
ns (0.9999) 

ΔN-Cek1_Ser with ATP 43.2 ± 0.8 

 

ΔN-Cek1_Leu 40.5 ± 0.3 
ns (0.9999) 

ΔN-Cek1_Leu with ATP 39.9 ± 0.9 

 

 

Crystallization experiments were performed with ΔN-Cek1_Ser variant, 

unfortunately without success. Therefore, due to higher thermal stability of the 

inactive kinase-dead mutant ΔN-Cek1KR_Ser, this protein was selected to 

crystallization trials (Table 2.4). An initial crystallization condition with 

microcrystals was obtained with ΔN-Cek1KR_Ser using the Morpheus screening kit 

(0.12 M Alcohols, 0.1 M Imidazole/MES pH 6.5 and 30% PEG 500 MME/PEG 20.000) 

(Figure 2.3). This first crystallization condition is currently being further optimized 

to obtain diffraction-quality crystals to further determine the three-dimensional 

structures by X-ray crystallography (currently in progress). 

 

 

Figure 2.3 Microcrystals of C. albicans kinase-dead mutant ΔN-Cek1KR_Ser. (A) Visible 

light. (B) UV light. Microcrystals are marked with arrow. 
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2.3.2 Autophosphorylation at the conserved 231TEY233 motif of ΔN-Cek1 

requires a serine at the CUG-encoded position 

MAP kinases, including the Saccharomyces cerevisiae MAPK Fus3, are often 

found to be autophosphorylated when expressed in E. coli (Bhattacharyya et al. 

2006). The phosphorylation status of recombinant ΔN-Cek1 variants was assessed 

using anti-phospho p44/42, a specific antibody that recognizes the phosphorylation 

of both threonine (Thr231) and tyrosine (Tyr233) residues of the 231TEY233 motif 

(Nagiec et al. 2015). Immunoblot analysis of both ΔN-Cek1 variants with anti-

phospho p44/42 revealed that only recombinant ΔN-Cek1_Ser was 

autophosphorylated in vitro, and no phosphorylation was detected in the ΔN-

Cek1_Leu variant using this approach (Figure 2.4A). The autophosphorylation 

activity of ΔN-Cek1_Ser was further explored using two single mutants (ΔN-

Cek1TV_Ser; ΔN-Cek1YF_Ser) and a double mutant (ΔN-Cek1TV/YF_Ser) of the putative 

phosphorylation sites (Thr231 mutated to valine and Tyr233 mutated to 

phenylalanine), as well as a kinase-dead mutant (ΔN-Cek1KR_Ser, Lys100 mutated to 

arginine) and the putative phosphomimetic variant (ΔN-Cek1TD_Ser, Thr231 mutated 

to aspartate). As for the ΔN-Cek1_Ser and ΔN-Cek1_Leu variants, these specific 

mutations had no effect on the fold and overall secondary structure content of the 

enzyme, as assessed by CD (Figure 2.4B). Mutation of Thr231 to valine (ΔN-

Cek1TV_Ser) at the 231TEY233 motif had no impact on the phosphorylation signal of ΔN-

Cek1_Ser (Figure 2.4A). In contrast, replacement of Tyr233 by phenylalanine (ΔN-

Cek1YF_Ser) completely abolished the autophosphorylation of recombinant ΔN-

Cek1_Ser, indicating that ΔN-Cek1_Ser autophosphorylation occurs on Tyr233 

(Figure 2.4A). Therefore, when Thr231 and Tyr233 were mutated to valine and 

phenylalanine (ΔN-Cek1TV/YF_Ser), respectively, recognition by anti-phospho p44/42 

was also completely abolished. As previously described, the substitution of the 

catalytic lysine residue by an arginine decreased the kinase activity by preventing 

transfer of the phosphate group from the nucleotide phosphate to the acceptor 

protein (Carrera et al. 1993). Thus, mutation of the catalytic lysine to arginine (ΔN-

Cek1KR_Ser) abolished the autophosphorylation signal, while the putative 

phosphomimetic mutant (ΔN-Cek1TD_Ser) displayed an enhanced 

autophosphorylation signal in the immunoblot assay, as expected (Figure 2.4A). 

Analysis of the thermal stability of the ΔN-Cek1YF_Ser and ΔN-Cek1TV/YF_Ser 

mutants (Table 2.4), which are not autophosphorylated, showed no significant 

differences in the melting temperatures compared to wild-type ΔN-Cek1_Ser, 
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underscoring that differences in the melting temperatures of ΔN-Cek1_Leu and ΔN-

Cek1_Ser do not result from ΔN-Cek1_Ser autophosphorylation. 

 

 

Figure 2.4 ΔN-Cek1_Ser is autophosphorylated at Tyr233. (A) Immunoblot analysis of ΔN-

Cek1_Leu, ΔN-Cek1_Ser and ΔN-Cek1_Ser mutants (ΔN-Cek1TV_Ser, ΔN-Cek1YF_Ser, ΔN- ΔN-

Cek1TV/TF_Ser, ΔN-Cek1KR_Ser, ΔN-Cek1TD_Ser) probed with rabbit anti-Cek serum (upper 

panel) and rabbit anti-phospho p44/42 (bottom panel). Autophosphorylation was detected 

in ΔN-Cek1_Ser and ΔN-Cek1TV_Ser, indicating that autophosphorylation occurs on Tyr233. 

(B) CD spectra of ΔN-Cek1_Ser mutants (ΔN-Cek1TV_Ser, ΔN-Cek1YF_Ser, ΔN-Cek1TV/YF_Ser, 

Cek1KR_Ser, Cek1TD_Ser). The mutations did not induce any major differences on the 

secondary structure content of the enzyme.  

 

Table 2.4 Thermal stability of ΔN-Cek1_Ser and ΔN-Cek1_Leu variants and ΔN-Cek1_Ser 

mutants. Data shown are mean ± standard error of the mean (n=3). Statistics were analyzed 

using one-way ANOVA (Tukey multicomparison test) p<0.05 for a 95% confidence interval 

comparing all protein with ΔN-Cek1_Ser (p>0.05 non-significant (ns), *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001). 

Protein 
Melting temperature (°C) 

(mean ± SD) 

Significance 

(adjusted p value) 

ΔN-Cek1_Ser 43.1 ± 0.7 - 

ΔN-Cek1_Leu 40.5 ± 0.3 ** (0.007) 

ΔN-Cek1TV_Ser 43.0 ± 0.7 ns (0.9999) 

ΔN-Cek1YF_Ser 43.3 ± 0.5 ns (0.9999) 

ΔN-Cek1TV/YF_Ser 44.4 ± 0.6 ns (0.9999) 

ΔN-Cek1KR_Ser 47.2 ± 0.6 **** (0.0001) 

ΔN-Cek1TD_Ser 46.4 ± 0.2 ** (0.0014) 
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To further confirm that ΔN-Cek1_Ser was autophosphorylated on Tyr233 of 

the 231TEY233 motif, as suggested by the immunoblot data, both variants of ΔN-Cek1 

were analyzed by mass spectrometry (Figure 2.5). Protein samples were analyzed 

as-purified and after incubation with 1mM ATP. Interestingly, using this approach 

we were not able to detect phosphorylated peptides in the as-purified ΔN-Cek1 

variants. However, upon incubation with ATP, a peptide (SIASQEDNYGFMTEpYVATR) 

was identified in the ΔN-Cek1_Ser variant sample, displaying a mass compatible 

with a single phosphorylation (Figure 2.4A). Although the experimental procedure 

used is not quantitative, the measured signal for the phosphorylated peptide was 

approximately 20-fold lower than for the non-phosphorylated peptide (Figure 2.5A). 

This result further supported the immunoblot data for the ΔN-Cek1_Ser mutants, 

suggesting that the autophosphorylation of ΔN-Cek1_Ser occurred at Tyr233 (Fig 

2.4A). In agreement with the immunoblot results, no phosphorylated peptide could 

be detected by mass spectrometry on the ΔN-Cek1_Leu variant sample (Figure 

2.5B), suggesting that a leucine residue at the CUG-encoded position had a negative 

impact on the autophosphorylation activity of ΔN-Cek1. In summary, recombinant 

ΔN-Cek1_Ser expressed in E. coli was readily autophosphorylated at Tyr233 of the 
231TEY233 motif, suggesting that the presence of a serine at the CUG-encoded 

position was required for protein autophosphorylation and may be crucial for 

regulating the kinase activity (Fig 2.5C). 
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Figure 2.5 LC-MS/MS analysis of ΔN-Cek1 variants. Representative extracted ion 

chromatogram with the peak area and the respective m/z for the peptide of interest 

(SIASQEDNYGFMTEYVATR). The integrated peak areas (insets) of the phosphorylated peptide 

and of its equivalent non-phosphorylated version were used to calculate an apparent 

percentage of phosphorylation of ΔN-Cek1. An arrow marks the position of the peptide ion 

corresponding to the expected mass of a single phosphopeptide on the tyrosine residue, 

whose theoretical mass (754.65), as well as that of its non-phosphorylated counterpart 

(728.00), was calculated using the online server ProteinProspector (MS-isotope). (A) MS 

spectrum for the ΔN-Cek1_Ser variant: Left panel - phosphopeptide 

(SIASQEDNYGFMTEpYVATR, peak area 1.1×108); Right panel - the equivalent non-



56	 CHAPTER	2	
 

 

phosphorylated peptide (peak area 2.7×109). Comparative analysis of the peak areas 

corresponding to phosphorylated and non-phosphorylated peptide fragments, suggested 

that only a small percentage of ΔN-Cek1_Ser was autophosphorylated on tyrosine 233. (B) 

MS analysis of the ΔN-Cek1_Leu variant revealed absence of the phosphorylated peptide 

(Left panel), while the non-phosphorylated peptide was detectable (Right panel). (C) 

Schematic representation of phosphorylation results of ΔN-Cek1 variants obtained by 

immunoblot analysis combined with mass spectrometry: phosphorylation was not detected 

in ΔN-Cek1_Leu, while in ΔN-Cek1_Ser a phosphorylated peptide was identified, indicating 

that autophosphorylation occurred on Tyr233. 

 

2.3.3 Codon decoding ambiguity affects Cek1 protein activity 

In contrast to ΔN-Cek1_Leu, ΔN-Cek1_Ser is autophosphorylated in vitro. To 

investigate the influence of phosphorylation on the enzymatic activity of Cek1 and 

unveil the role of CUG ambiguity on its function, the catalytic activity of ΔN-Cek1 

variants was measured. Using a luminescent ADP-detection assay, ΔN-Cek1_Ser 

displayed a 10-fold higher activity than ΔN-Cek1_Leu (Figure 2.6A). As expected, 

the ΔN-CekKR_Ser mutant displayed no catalytic activity, while the activity of mutant 

ΔN-Cek1TD_Ser was significantly increased (~2-fold; Figure 2.6A). Considering that 

the CUG-encoded residue is located in the ATP binding pocket, we reasoned that 

the differences in the autophosphorylation activity observed for the two ΔN-Cek1 

variants could result from dissimilarities in ATP binding affinity. With this aim, we 

used TNP-ATP, a fluorescent ATP analog that binds to the ATP binding pocket of 

protein kinases (LaConte et al. 2017), to assess the affinity of both variants to the 

nucleotide. This assay showed that TNP-ATP bound similarly to both ΔN-Cek1 

variants (5.7 µM for ΔN-Cek1_Ser and 8 µM for ΔN-Cek1_Leu) (Figure 2.6B) and that 

differences in enzyme activity did not seem to be correlated with alterations in ATP 

binding affinity. However, the fluorophore bound to the nucleotide might mask 

small differences in ATP binding. 

Overall, these results demonstrated that ΔN-Cek1_Ser had intrinsic 

autophosphorylation activity and was more active than ΔN-Cek1_Leu in vitro. 

Indeed, the ΔN-Cek1TD_Ser mutant, mimicking the phosphorylation of the 231TEY233 

motif threonine, in the activation loop, displayed significantly enhanced catalytic 

activity. 
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Figure 2.6 ΔN-Cek1_Ser displays higher catalytic activity than ΔN-Cek1_Leu. (A) Activity 

assay by quantification of ADP release of ΔN-Cek1 variants, inactive (ΔN-Cek1KR_Ser, negative 

control) and phosphomimetic (ΔN-Cek1TD_Ser, positive control) mutants. ΔN-Cek1_Ser 

released significantly more ADP compared to ΔN-Cek1_Leu, while ΔN-Cek1TD_Ser was the 

most active. Data are the average of three determinations and error bars represent standard 

deviation. Statistics were analyzed using one-way ANOVA (Tukey multicomparison test) 

p<0.05 for a 95% confidence interval, p>0.05 non-significant (ns), *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001). (B) Binding of TNP-ATP to ΔN-Cek1 variants. Both ΔN-Cek1 

variants bind the nucleotide with comparable affinity. The data are representative of three 

independent experiments. 

 

2.3.4 Autophosphorylation of Cek1 does not occur in trans 

In order to explore if the autophosphorylation of ΔN-Cek1_Ser occurred 

through a cis- (intramolecular) or trans-autophosphorylation (intermolecular) 

mechanism (Beenstock et al. 2016), the inactive kinase-dead mutant (ΔN-Cek1KR_Ser) 

was used as substrate of ΔN-Cek1_Ser or of its phosphomimetic mutant, ΔN-

Cek1TD_Ser. Although both ΔN-Cek1_Ser (Figure 2.7A) and ΔN-Cek1TD_Ser (Figure 

2.7B) were autophosphorylated, neither was able to phosphorylate the substrate, 

suggesting that ΔN-Cek1 kinase is unable to phosphorylate its inactive form, 

supporting the cis-autophosphorylation mechanism. 
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Figure 2.7 The autophosphorylation of ΔN-Cek1 is an intramolecular event. 

Transphosphorylation assay of the inactive mutant of ΔN-Cek1_Ser (untagged ΔN-

Cek1KR_Ser, substrate, 42 kDa) by (A) ΔN-Cek1_Ser variant (85 kDa) and (B) ΔN-Cek1TD_Ser 

phosphomimetic mutant (85 kDa), probed with rabbit anti-Cek serum (upper panel) and 

rabbit anti-phospho p44/42 (bottom panel). Phosphorylation of untagged ΔN-Cek1KR_Ser was 

not observed in the reaction, only the autophosphorylation of the two enzymes was 

detected. 

 

2.4 Discussion 

C. albicans is a human commensal that, under specific conditions, is able to 

cause disease that ranges from superficial mucosal to life-threatening systemic 

infections (Sudbery 2011). This opportunistic human pathogen has the remarkable 

ability to quickly adapt to varied host niches and threats elicited by host immune 

defenses. Hence, in response to multiple stress factors and/or damage induced by 

antifungal drugs, the activation of highly coordinated signaling pathways generates 

the diversity required for survival and virulence (Shapiro et al. 2011). Interestingly, 

many of the enzymes involved in signal transduction cascades in C. albicans are 

encoded by genes that contain CTG codons, stochastically translated into serine 

(97%) and leucine (3%) residues often located in highly conserved sites (Rocha et al. 

2011, Sárkány et al. 2014). One of these enzymes is the MAPK Cek1 (with one CUG-

encoded residue) that is central for C. albicans morphogenesis, cell wall 

biosynthesis and host interaction (Galan-Diez et al. 2010, Herrero-de-Dios et al. 

2014). Accordingly, we hypothesized that the fluctuations in serine/leucine 

incorporation levels induced by different stress conditions might impact the 

function of Cek1 with downstream consequences on C. albicans virulence traits.  
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To assess the role of the identity of the CUG-encoded residue in Cek1 

function, we characterized the structural and functional features of the ΔN-Cek1_Ser 

and ΔN-Cek1_Leu variants of the kinase active domain. Cek1 displays high amino 

acid sequence identity (63%) with the structurally characterized Fus3 (Remenyi et al. 

2005, Sárkány et al. 2014), the MAPK that mediates the mating pheromone 

response in S. cerevisiae. The unique conserved CUG-encoded residue in the 

nucleotide binding pocket of Cek1 (Ser199) is structurally equivalent to a serine 

residue in Fus3 that stabilizes a water molecule from the coordination sphere of the 

magnesium ion that interacts with the phosphate moiety of the nucleotide (Rocha et 

al. 2011, Sárkány et al. 2014). Consequently, the presence of a leucine residue at 

this position is expected to interfere with the nucleotide binding and/or phosphate 

transfer activity of Cek1. Our results showed that although the ambiguity at the 

CUG-encoded position does not affect the overall secondary structure of ΔN-Cek1, 

incorporation of leucine at position 199 decreases considerably the thermal stability 

of the kinase. This difference likely results from the expected loss of one or two 

hydrogen bonds upon replacement of the polar serine residue by the hydrophobic 

leucine (Rees et al. 2001, Pace et al. 2014). Although the CUG-encoded residue 

faces the ATP binding pocket, binding to TNP-ATP did not seem to be altered by the 

identity of the amino acid at position 199. 

Autophosphorylation is a widespread feature among protein kinases and is 

also observed in Fus3 (Bhattacharyya et al. 2006), a protein that is only fully 

activated via a kinase cascade that results in dual phosphorylation on the tyrosine 

and threonine residues of the activation loop TEY motif (Gartner et al. 1992). 

Interestingly, following expression in E. coli, only ΔN-Cek1_Ser is recognized by the 

anti-phospho p44/42 antibody. Our results showed that ΔN-Cek1_Ser 

autophosphorylation occurs on the conserved Tyr233 of the 231TEY233 motif within 

the activation loop. In agreement, in vitro activity assays showed that the catalytic 

activity of ΔN-Cek1_Ser is significantly higher than that of ΔN-Cek1_Leu. Although 

our mass spectrometry data suggested the occurrence of autophosphorylation on 

Tyr233 upon incubation with ATP, we cannot exclude the possibility that the in vitro 

kinase activity assays, based on the quantification of ADP release, report on the 

combined effects of ΔN-Cek1 autophosphorylation and intrinsic ATPase activity, as 

previously described for some protein kinases (Rominger et al. 2007, Ahmad et al. 

2013). Further, our autophosphorylation results using the kinase dead mutant ΔN-

CekKR_Ser as substrate, suggested that Cek1 autophosphorylation did not occur via 

a trans-autophosphorylation mechanism, and likely involves an intramolecular 
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reaction as proposed for S. cerevisiae Fus3 (Bhattacharyya et al. 2006). In yeast 

MAPKs, enzyme activation requires an order-to-disorder transition, meaning that in 

the inactive state part of the activation loop, including the phosphorylatable 

tyrosine, is positioned at the substrate binding pocket and obstructs access of 

substrate peptides to the active site (Remenyi et al. 2005, Bhattacharyya et al. 

2006, Lochhead 2009). Therefore, kinase activity is inhibited via a pseudo-substrate 

mechanism, prior to full activation by the upstream kinase, which phosphorylates 

both residues in the TEY motif resulting in its displacement from the catalytic site. 

In the resting state, positioning of the tyrosine side chain close to the kinase 

catalytic cleft, highly conserved in C. albicans Cek1, may explain the identification 

of a small subpopulation of monophosphorylated protein in recombinant ΔN-Cek1. 

Therefore, in our Cek1 samples the enzyme catalytic site might be predominantly 

inaccessible to substrate peptides or proteins, explaining the inability of ΔN-

Cek1_Ser or ΔN-Cek1TD_Ser to phosphorylate the generic substrate myelin basic 

protein (Bhattacharyya et al. 2006) and the synthetic Cph1 peptide (Maiti et al. 

2015) (data not shown). 

Although our current data do not allow to infer the precise 

autophosphorylation mechanism of Cek1 and why this activity is compromised in 

the ΔN-Cek1_Leu variant, we can speculate that the presence of a leucine at the 

CUG-encoded position impacts negatively the phosphoryl transfer activity of Cek1 

either by directly diminishing the catalytic activity or by modifying the dynamics of 

the activation loop and therefore altering the residence time of the phosphoryl-

accepting tyrosine at the kinase catalytic site. Cek1 forms part of a highly regulated 

multienzyme assembly, whose activation is triggered in response to different 

external signals (Cote et al. 2011). In S. cerevisiae, the scaffold protein Ste5 

enhances Fus3 autophosphorylation on the tyrosine residue of the TEY motif 

(Bhattacharyya et al. 2006) and, together with the phosphatase Msg5, maintains the 

monophosphorylated form of Fus3, which has an inhibitory role on the signaling 

pathway (Nagiec et al. 2015). Interestingly, the allosteric Fus3 autophosphorylation 

mechanism mediated by bipartite binding of the scaffold protein Ste5 is likely not 

conserved in Cek1, since this region is structurally distinct in Cst5, the C. albicans 

MAPK scaffold protein (Cote et al. 2011). In C. albicans, CUG translational ambiguity 

might play a role in rewiring the collective behavior of these macromolecular 

assemblies with consequences for the flow of information across these signaling 

cascades. 
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In this study, we evaluate the effect of CUG translational ambiguity on the MAP 

kinase Cek1, a key protein of the signaling pathway related to morphogenesis and 

virulence in C. albicans. Biochemical and biophysical data revealed that ΔN-

Cek1_Ser variant induces an increase on the protein thermal stability compared to 

leucine variant, without any changes on the overall secondary structure. Moreover, 

only the ΔN-Cek1_Ser variant was autophosphorylated in vitro at the tyrosine 

residue of the 231TEY233 motif of the activation loop. Accordingly, incorporation of a 

serine residue at the CUG position seems to induce a more active protein with 

possible implications on the Cek1 function. Further studies will be required to 

understand the molecular details of CUG codon ambiguous translation in the 

context of the Cek1 full-length protein and for C. albicans host recognition and 

pathogenicity. 
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3.1 Introduction 

Candida albicans is a highly adapted commensal organism that senses 

environmental changes through its membrane sensors that trigger quick responses 

through various signaling pathways, including Mitogen-Activated Protein Kinase 

(MAPK) pathways. The MAPK Cek1 is a short-lived protein involved in fungal 

morphogenesis and virulence (Galan-Diez et al. 2010, Herrero-de-Dios et al. 2014). 

Cek1 encompasses a CUG-encoded residue that faces the kinase ATP binding 

pocket, and the incorporation of a serine or a leucine at this position was predicted 

to impact on its kinase activity and downstream signaling functions (Rocha et al. 

2011, Sárkány et al. 2014). We have previously demonstrated that the presence of 

serine at the CUG position of the N-terminally truncated Cek1 (ΔN-Cek1, residues 

60-422) (Figure 3.1), containing the globular kinase domain, increases its thermal 

stability and enzymatic activity, when compared to the leucine variant (Fraga et al. 

2019). The observed differences between the serine and leucine variants of Cek1 do 

not result from changes in the overall protein structure. However, the role of CUG 

ambiguous translation in the context of the full-length Cek1 protein, containing 60 

additional N-terminal amino acids (Figure 3.1), remained unexplored. 

 

 

Figure 3.1 Schematic representation of truncated (ΔN-Cek1) and of full-length C. 

albicans Cek1. The N-terminal region (1-59 aa) and the globular kinase domain are 

represented (60-422). The sequence of the N-terminal tail is colored based on different 

homorepeats: glutamines (blue), glutamines and alanines (yellow), alanines (orange). The 

amino acid sequence length is represented at the top of the figure. 

 

The variable and often conformationally flexible tails in protein kinases are 

known to adopt different conformations that enhance their structural and functional 

diversity. Those segments modulate the enzymatic activity of the globular catalytic 

domain and enable protein-protein interactions with regulatory roles in signaling 

kinase interaction networks (Kathiriya et al. 2014, Wright et al. 2015). In fact, the 

intrinsically disordered N-terminal tail of the Src kinase was demonstrated to be 



68	 CHAPTER	3	
 

 

important for its dimerization and in the modulation of its kinase activity (Spassov 

et al. 2018). On the other hand, in the mycobacterial tyrosine kinase A (PtkA) the 

unstructured N-terminal tail has an inhibitory effect on the enzymatic activity, which 

is regulated by phosphorylation (Niesteruk et al. 2018a). Moreover, disordered 

segments were also described in the C-terminal region of eukaryotic protein kinases 

and shown to have a crucial role for substrate recruitment (Sun et al. 2010), 

autophosphorylation and signal propagation (Keppel et al. 2017). 

An interesting feature of Cek1 N-terminal tail is the over-representation of 

amino acid repeats, including glutamine, alanine and a combined glutamine/alanine 

containing segments (Figure 3.1). These low complexity regions containing little 

diversity in amino acid composition and few hydrophobic amino acids are generally 

unstructured a.k.a. intrinsically disordered regions – IDRs (van der Lee et al. 2014, 

Kumari et al. 2015). These IDRs do not fold into stable secondary structures and 

often contain small segments that act in synergy with structured domains, 

frequently adopting a specific structure upon binding to other proteins or into large 

multi-protein complexes (Faux et al. 2005, Luo et al. 2014). Therefore, these 

disordered structural elements, by acquiring an ensemble of different 

conformations, play critical roles in modulation transient protein-protein 

interactions and the formation of dynamic signaling complexes whose assembly can 

be modulated by post-translational modifications with implications in protein 

function (Babu et al. 2012, van der Lee et al. 2014). 

Glutamine repeats (polyQ) are one the most common homorepeats in 

eukaryotic proteomes (Schaefer et al. 2012). The normal length of the polyQ region 

appears to be specific for each protein family and its expansion beyond a certain 

threshold was associated with protein unfolding, misfolding and aggregation 

leading to neurodegenerative diseases (Zoghbi et al. 2000, Chavali et al. 2017a, 

Mier et al. 2018). However, under physiological conditions polyQ repeats play 

important roles in protein-protein interactions, signaling pathways and 

transcriptional regulation (Schaefer et al. 2012, Gemayel et al. 2015, Totzeck et al. 

2017). Homorepeats in budding yeast were preferentially found in regulatory 

proteins, important for cell fitness with impact on morphological phenotypes. The 

diverse molecular interactions described in these regions provide evidences that 

they can be beneficial to organisms and protect cells, contributing for the 

adaptability in response to environmental disturbances (Chavali et al. 2017b). 

Another interesting property of homorepeats is their high repeat-length 

polymorphism. In the fungus C. glabrata, the polyQ polymorphism of the general 
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transcription co-repressor Tup1A and the polyN polymorphism of the Ssk2, a 

MAPKKK of HOG signaling pathway, were correlated with decreased antifungal 

susceptibility (Challa et al. 2018). The high genetic plasticity and the functional 

versatility of these regions contribute for fungal adaptation to diverse types of 

environmental stresses, by modulating diverse molecular interaction networks with 

possible fitness advantages. In C. albicans, a significant percentage of the genome 

contains polymorphisms and a high variability in the number of repeats among 

strains (Whiteway et al. 1992, Butler et al. 2009). In fact, a repeat-length variation 

(11 to 49 repeats) within the polyQ segment of the transcription factor Rlm1 in 

different C. albicans clinical isolates was demonstrated to increase resistance to 

stress conditions (Sampaio et al. 2009). 

In this work, we aim to unveil the role of the Cek1 N-terminal tail in 

modulating the biochemical and structural properties of this MAPK, as well to 

understand its combined effect with the ambiguous translation of the CUG-encoded 

residue as serine or leucine. Previous studies have shown that the N-terminal 

flexible tail of Cek1 is not relevant for its phosphorylation upon resumption of 

growth but it influences C. albicans susceptibility to cell wall disturbing agents 

(Correia et al. 2016). These results suggest that the N-terminal tail of Cek1 might 

play a role in the regulation of downstream phosphorylation events. Considering 

the differences in enzymatic activity and thermal stability observed for truncated 

Cek1 variants we wanted to explore the effect of the N-terminal flexible tail on the 

full-length protein. Based on that, two variants of full-length Cek1 were produced 

with a serine or a leucine at the CUG-encoded position. Purified recombinant 

proteins were thoroughly characterized by complementary biochemical and 

biophysical methodologies. The results suggest that the presence of the N-terminal 

tail increases the thermal stability of both full-length Cek1 variants. Nevertheless, 

and in accordance with the data on truncated Cek1 variants, the incorporation of a 

serine at the CUG position conferred higher thermal stability and enzymatic activity 

to the full-length Cek1 kinase, when compared to the leucine variant. Interestingly, 

autophosphorylation of Tyr233, belonging to the 231TEY233 motif of Cek1, was 

observed for both variants of the full-length protein. 

Together these findings show that Cek1 N-terminal region plays an 

important role on the kinase stability and activity. Moreover, it positively influences 

the previously observed beneficial effect of the incorporation of a serine at the CUG 

position. Hence, we can hypothesize that CUG identity in C. albicans controls Cek1 
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intrinsic kinase activity and ultimately could interfere with MAPK signaling pathway, 

influencing C. albicans morphogenesis and virulence. 

 

3.2 Materials and Methods 

3.2.1 Cloning, expression and purification  

All the methods used for cloning, expression and purification of full-length 

Cek1 protein were performed as previously described for the truncated variants of 

Cek1 protein (ΔN-Cek1) (Chapter 2, section 2.2.1). Briefly, a synthetic gene 

encoding full-length Cek1 (Eurofins Scientific) was cloned into expression vector 

pETGb1 (EMBL dabatase) in frame with a N-terminal hexahistidine tag (His6), the B1 

domain of Protein G (Gb1) and a tobacco etch virus (TEV) protease recognition site. 

The abbreviations used for full-length Cek1 follow what was early defined for the 

truncated Cek1 active domain, namely full-length Cek1_Ser (serine variant – UCC 

replacing the CUG codon) and full-length Cek1_Leu (leucine variant – UUA replacing 

the CUG codon) and all the mutants of both variants for the phosphorylation 

residues of the TEY motif (full-length Cek1TV, full-length Cek1YF and full-length 

Cek1TV/YF) and the kinase dead mutant (full-length Cek1KR). The full-length Cek1 

variants and mutants were overexpressed in E. coli strain Rosetta (Stratagene) and 

induced with addition of 0.9 mM IPTG at 18°C overnight. 

Purification was performed according to the protocol previously described 

(Fraga et al. 2019) using an immobilized metal affinity chromatography (IMAC) by a 

HisTrap HP column (GE Healthcare) and a preparative size exclusion 

chromatography (SEC) Hiprep 26/60 Sephacryl S-100 (GE Healthcare) column. 

Purified protein (in 20 mM Tris pH 7.5, 150 mM NaCl, 5% (v/v) glycerol, 5 mM 

MgCl
2
, 1 mM DTT) was analyzed by SDS-PAGE and concentrated on centrifugal 

ultrafiltration devices (10 kDa cutoff; Merck Millipore). Final protein concentration 

was estimated by measuring the absorbance of the samples at 280nm using the 

theoretical extinction coefficient for each variant (Table 3.1) prior to storing the 

samples at -80°C. 
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Table 3.1 Summary of full-length Cek1 variants and respective mutants. Extinction 

coefficients for full-length Cek1 were calculated based on amino acid sequences with and 

without Gb1 tag. 

Protein 
CUG 

residue 
Mutation 

Extinction 

coefficient (M-1 cm-1) 

(tag/no tag) 

Full-length Cek1_Ser serine - 53,290/41,830 

Full-length Cek1TV_Ser serine threonine to valine 53,290/41,830 

Full-length Cek1YF_Ser serine tyrosine to phenylalanine 51,800/ 40,340 

Full-length Cek1TV/YF_Ser serine threonine to valine and 

tyrosine to phenylalanine 

51,800/ 40,340 

Full-length Cek1KR_Ser serine lysine to arginine 53,290/41,830 

Full-length Cek1_Leu leucine - 53,290/41,830 

Full-length Cek1TV_Leu leucine threonine to valine 53,290/41,830 

Full-length Cek1YF_Leu leucine tyrosine to phenylalanine 51,800/ 40,340 

Full-length Cek1TV/YF_Leu leucine threonine to valine and 

tyrosine to phenylalanine 

51,800/ 40,340 

Full-length Cek1KR_Leu leucine lysine to arginine 53,290/41,830 

 

3.2.2 Biophysical and biochemical characterization 

The biophysical and biochemical analyses of full-length Cek1 by differential 

scanning fluorimetry (DSF), circular dichroism (CD), mass spectrometry (MS), in vitro 

phosphorylation (immunoblot), activity assay (ADP-Glo) and fluorescence 

measurements (TNP-ATP) were performed as detailed in Chapter 2 (section 2.2). The 

full-length Cek1 kinase variants fused to a Gb1 tag were used in all biophysical and 

biochemical assays except in the immunoblot assay where the Gb1 tag was 

removed. When the tagged protein was used, the presence of Gb1 is specifically 

indicated in each figure. 

 

3.2.3 Small angle X-ray scattering measurements and analysis 

Small angle X-ray scattering (SAXS) experiments were performed at the 

BioSAXS beamline BM29 (Pernot et al. 2013) of the European Synchrotron Radiation 

Facility (Grenoble, France), in collaboration with José António Manso 

(Macromolecular Structure group, i3S). SAXS data were collected using continuous-

flow size-exclusion chromatography (SEC-SAXS). Samples in 20 mM Tris pH 7.5, 150 
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mM NaCl, 5% (v/v) glycerol, 5 mM MgCl
2
, 1 mM DTT were injected onto a pre-

equilibrated Yarra 3µm SEC-3000 column (Phenomenex). The images (frames) were 

collected over a scattering vector from 0.0035 to 0.5 Å-1 (q= (4πsinθ)/λ, where 2θ is 

the scattering angle) using a Pilatus 1M detector (Dectris) at a radiation wavelength 

(λ) of 0.9919 Å. Data were processed and analyzed with the ATSAS 2.8 package 

(Franke et al. 2017)(Franke 2017) and the Guinier analysis was performed with the 

program PRIMUS/qt (Petoukhov et al. 2012). 

 

3.3 Results 

3.3.1 Sequence and structural analysis of MAPK Cek1 

A detailed analysis of protein sequence and structural features, including the 

identification of specific structural and sequence motifs, is essential for a 

comprehensive understanding of its properties and to obtain clues about the 

protein function. The analysis of C. albicans MAPK Cek1 protein sequence using 

Fast Estimator of Latent Local Structure (FELLS) (Piovesan et al. 2017) predicts that 

Cek1 protein is essentially α-helical (60%), including several small regions with 

predicted random coil structural features (29%) (Figure 3.2A). The N-terminal tail of 

Cek1 (residues 1-59) includes a small hydrophobic cluster (residues 1-17), and is 

predicted to be highly disordered although with a propensity to acquire an α-helical 

structure (Figure 3.2A). 

The structural homology model of Cek1 (residues 60-419) (Figure 3.2B), 

obtained using the online server Swiss-Model (Arnold et al. 2006), used as a 

template the 3D structure of the S. cerevisiae ortholog Fus3 (PDB accession code: 

2B9F, 63% of amino acid sequence identity), which lacks the N-terminal tail of C. 

albicans Cek1 protein. Based on the structure analysis, the conserved CUG-encoded 

residue (serine 199) faces the nucleotide binding pocket (Chapter 2, Figure 2.1) 

(Rocha et al. 2011, Sárkány et al. 2014), and we previously demonstrated that a 

serine at the CUG-encoded position altered the thermal stability and auto-

phosphorylation activity of the truncated Cek1 protein (ΔN-Cek1) (Fraga et al. 
2019). 

 



CHAPTER	3	 73	
 

 

 

Figure 3.2 Structural analysis of MAPK Cek1. (A) Sequence analysis of full-length Cek1 

protein by FELLS: Pfam domains, secondary structure prediction and disorder prediction of 

the Cek1 amino acid sequence. The sequence complexity and aggregation propensities are 

represented as continuous lines with the lower threshold in red. (B) Homology model of C. 

albicans Cek1 obtained using the online server Swiss-Model (Arnold et al. 2006) using S. 

cerevisiae Fus3 3D structure as a template.  

 

3.3.2 The presence of the N-terminal tail increases the overall stability of 

Cek1 variants 

In order to understand the effect of the N-terminal tail on the overall 

structure and thermostability of Cek1 kinase, the full-length Cek1 variants were 

used for DSF analysis. Data showed that full-length Cek1 containing a serine at the 

CUG-encoded position (full-length Cek1_Ser) was more stable (+3°C) when 

compared with the leucine variant (full-length Cek1_Leu) (Figure 3.3A). These 

results are in agreement with those obtained for the truncated forms of Cek1 (ΔN-

Cek1_Ser and ΔN-Cek1_Leu), revealing that a serine at the CUG position increased 

the stability of both Cek1 constructs. In summary, the thermostability results also 

demonstrate that the N-terminal low complexity region increases the overall 

stability of the protein independently of the identity of residue incorporated at the 

CUG-position (Figure 3.3B). 
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Figure 3.3 Thermal stability of full-length Cek1 kinase. (A) Representative thermal 

denaturation curve measured by DSF for both variants of full-length-Cek1. The temperature 

at the inflection point of the unfolding transition defines the Tm value for each protein (full-

length Cek1_Ser=45.7 ± 0.7°C; full-length Cek1_Leu=42.8 ± 0.6°C). (B) Comparative values of 

Tm of the full-length Cek1 and truncated Cek1 (ΔN_Cek1_Ser=43.1 ± 0.7 °C; 

ΔN_Cek1_Leu=40.5 ± 0.3°C) variants showed an increased in the Tm of the full-length Cek1 

compared to ΔN-Cek1. Data shown are mean ± standard error of the mean (n=3). Statistics 

were analyzed using one-way ANOVA (Tukey multicomparison test) p<0.05 for a 95% 

confidence interval (p>0.05 non-significant (ns), *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001). 

 

The differences in the thermal stability of full-length Cek1 variants are not a 

consequence of significant structural conformational changes as confirmed by 

analysis of the variants by CD spectroscopy (Figure 3.4A). The data analysis of the 

CD revealed no differences on the global secondary structure composition of both 

variants (Figure 3.4A). Moreover, information on the full-length Cek1 variants 

structure in solution at low resolution, provided by SAXS, supported this 
observation (Figure 3.4B-C). The calculated scattering profiles of the full-length-

Cek1 variants matched the experimental SAXS curve. The linearity of the Guinier 

plot of the scattering data profile indicates that both variants of full-length Cek1 

were monodisperse and monomeric (Figure 3.4C). The Guinier radii of gyration (Rg) 

determined from the modified Guinier plot was similar for both protein variants 

(full-length Cek1_Ser 40±1 Å; full-length Cek1_Leu 38±1 Å), suggesting that 

insertion of a leucine or serine at the CUG encoded position did not affect the 

overall shape of the protein. Nonetheless, these results do not rule out the 

presence of local structural changes, not detected by SAXS, within the full-length 

Cek1 variants. 
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Figure 3.4 Structural analysis of full-length Cek1. (A) Far-UV CD spectra of full-length-

Cek1_Ser and full-length-Cek1_Leu revealing no significant differences in the overall 

secondary structure of the variants. (B) SAXS analysis of the full-length-Cek1_Ser and full-

length-Cek1_Leu. SAXS profiles extrapolated to infinite dilution of the full-length-Cek1_Ser 

(black) and full-length-Cek1_Leu (orange). Curves are offset on the log scale. (C) Guinier 

plots of the data in B. 

 

3.3.3 Autophosphorylation of full-length Cek1 

In order to assess the phosphorylation state of the full-length Cek1 variants, 

an immunoblot using the anti-phospho p44/42 was performed. It is important to 

remark that the recombinant full-length Cek1 variants (with a Gb1 and a His6 tag at 

the N-terminal region of the proteins) were previously digested with TEV protease to 

remove the tags. Gb1 is the highly stable and soluble B1 domain of protein G, an 

immunoglobulin-binding protein, which is widely used as an epitope tag for over-

expression of proteins in E. coli (Huth et al. 1997, Cheng et al. 2004). Hence, Gb1 

contains, at its surface, binding sites for the C-terminal fragment of the heavy chain 

of immunoglobulin G allowing its recognition by the antibodies used in the 

immunoblots, producing a ‘false positive’ signal (Figure 3.5). Therefore, all the 

immunoblot experiments to detect the phosphorylation of full-length Cek1 variants 
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were performed after removal of the Gb1 tag to avoid non-specific signal of the 

anti-phospho p44/42 antibody. 

 

 

Figure 3.5 Immunoblot analysis of full-length Cek1_Ser and corresponding mutants 

fused to the Gb1 tag. Immunoblot probed with rabbit anti-Cek serum (upper panel) and 

rabbit anti-phospho p44/42 (bottom panel). A string signal was detected for all proteins, 

indicating a non-specific reaction of the anti-phospho p44/42 antibofy with the solubility tag 

Gb1. 

 

As observed for the ΔN-Cek1_Ser, full-length Cek1_Ser variant was also auto-

phosphorylated during expression in E. coli, as determined by immunoblot analysis 

using the phospho-specific p44/42 antibody (Figure 3.6A). However, the full-length 

Cek1_leucine variant showed a lower phosphorylation signal, even though the total 

amount of Cek1 protein loaded was equivalent for both variants as assessed using 

the anti-Cek serum (Figure 3.6A). Accordingly, the quantification of the enzyme 

activity of full-length Cek1 variants by the measurement of ADP release showed that 

full-length Cek1_Ser was significantly more active than full-length Cek1_Leu (Figure 

3.6B). The serine variant showed a 6-fold higher activity when compared to leucine, 

suggesting that a leucine at the CUG-encoded position affects the kinase activity of 

the full-length Cek1, in agreement with what was previously shown for the 

truncated Cek1 active domain (Figure 3.6C). 
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Figure 3.6 Full-length Cek1 is autophosphorylated at Tyr233. The serine variant displays 

higher catalytic activity than the leucine variant. (A) Immunoblot analysis of full-length 

Cek1_Leu and full-length Cek1_Ser and of the corresponding mutants for both variants, 

probed with rabbit anti-Cek serum (upper panel) and rabbit anti-phospho p44/42 (bottom 

panel). Autophosphorylation was detected in both full-length Cek1 variants, indicating that 

autophosphorylation occurs on Tyr233. (B) Activity assay by quantification of ADP release of 

full-length Cek1 variants: full-length Cek1_Ser released significantly more ADP when 

compared to full-length Cek1_Leu. (C) Comparative data on the ADP release of full-length 

Cek1 and truncated Cek1 variants. (B-C) Data shown are mean ± standard error of the mean 

(n=3). Statistics were analyzed using one-way ANOVA (Tukey multicomparison test) p<0.05 

for a 95% confidence interval (p>0.05 non-significant (ns), *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001). 

 

Immunoblot analysis of the full-length Cek1 mutants indicated that 

autophosphorylation of the 231TEY233 motif also occurs at Tyr233 (Figure 3.6A). The 

autophosphorylation signal detected with anti-phospho p44/42 was only observed 

in the full-length Cek1_Ser mutant where the Thr231 was substituted for a valine 

(full-length Cek1TV_Ser) (Figure 3.6A). Regarding the additional mutants of the 
231TEY233 motif, where the Tyr233 was replaced by phenylalanine (full-length Cek1YF) 

and the double mutant where the Thr231 and Tyr233 were mutated to valine and 

phenylalanine (full-length Cek1TV/YF), respectively, no autophosphorylation was 

detected, supporting the evidence that autophosphorylation occurs at Tyr233 

(Figure 3.6A). As expected, the substitution of the catalytic lysine by an arginine in 

the inactive kinase-dead mutant (full-length Cek1KR) abolished the 

autophosphorylation signal (Figure 3.6A). To further confirm these results, MS 
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analysis identified a phosphorylated peptide with a mass compatible with a single 

phosphorylation (SIASQEDNYGFMTEpYVATR) on the full-length Cek1_Ser validating 

the findings that autophosphorylation occurs at Tyr233 (Figure 3.7A). Nonetheless, 

in the full-length Cek1_Leu an equivalent phosphorylated peptide was found 

indicating the same result but the identity of phosphorylated residue remains 

unclear due to the low MS signal detected that does not allow the accurate 

identification of the residue modified by phosphorylation (Figure 3.7B). However, 

MS analysis together with immunoblot data revealed that an insertion of a serine at 

the CUG position positively impacted on the autophosphorylation of recombinant 

expressed full-length Cek1 protein (Figure 3.7C) and increased its catalytic activity. 
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Figure 3.7 LC-MS/MS analysis of the full-length-Cek1 variants. Representative extracted 

ion chromatogram with the peak area and the respective m/z for the peptide of interest 

(SIASQEDNYGFMTEYVATR). The integrated peak areas (insets) of the phosphorylated peptide 

and of its equivalent non-phosphorylated version were used to calculate an apparent 

percentage of phosphorylation of full-length Cek1. The theoretical mass of the peptides 

found was calculated using the online server ProteinProspector (MS-isotope). (A) MS 

spectrum for the full-length Cek1_Ser variant: Left panel - phosphopeptide 

(SIASQEDNYGFMTEpYVATR, peak area 2.3×108); Right panel: the equivalent non-

phosphorylated peptide (peak area 9.3×109). Comparative analysis of the peak areas 

corresponding to phosphorylated and non-phosphorylated peptide fragments, suggested 
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that only a small percentage of full-length Cek1_Ser was autophosphorylated on tyrosine 

233. (B) MS spectrum for the full-length Cek1_Leu variant: Left panel - phosphopeptide 

(SIASQEDNYGFMTEpYVATR, peak area 3.4×107); Right panel - the equivalent non-

phosphorylated peptide (peak area 7.5×109). (C) Schematic representation of 

phosphorylation results on the full-length Cek1 variants. Data obtained by immunoblot 

analysis combined with mass spectrometry indicate that Tyr233 was modified by 

autophosphorylation in both variants. 

 

3.3.4 Nucleotide affinity is not affected by the insertion of a serine or a 

leucine at the CUG encoded position 

Given that a serine residue at the CUG position, located in the ATP binding 

pocket of Cek1, increased the stability and the kinase activity of full-length Cek1, 

we further explored the mechanism behind these differences. One of the 

hypotheses was the ATP binding affinities of the full-length Cek1 variants could be 

different. To test this hypothesis a TNP-ATP nucleotide, a fluorescent ATP analog, 

was used to evaluate its binding affinity of each full-length Cek1 variant. Results 

show that both variants bind the nucleotide with similar affinities (3.4 μM for full-

length Cek1_Ser and 3.5 μM for full-length Cek1_Leu) (Figure 3.8). Thus, the 

incorporation of a serine or a leucine at the CUG residue did not affect its 

nucleotide binding affinity, as we previously observed for the truncated active 

domain of Cek1 (Chapter 2, section 2.3.3, Figure 2.6B). 

 

 

Figure 3.8 Binding of TNP-ATP nucleotide to full-length Cek1 variants. Both variants 

show equivalent affinities for TNP-ATP (full-length Cek1_Ser K
d

TNP-ATP =3.4 ± 0.7; full-length 

Cek1_Leu K
d

TNP-ATP =3.5 ± 0.4). The data are representative of three independent experiments. 



CHAPTER	3	 81	
 

 

3.4 Discussion 

In the previous chapter, we have demonstrated that the identity of the CUG 

residue in the N-terminal truncated C. albicans MAPK Cek1, containing only the 

structurally conserved kinase domain, modulates its thermal stability and 

autophosphorylation activity. In order to evaluate if the differences observed 

between serine and leucine insertion at the CUG-encoded residue of the truncated 

Cek1 also occur in the full-length protein, that includes the N-terminal tail with 

homorepeats, we characterized biochemically and biophysically the full-length Cek1 

variants. 

Our results confirm that the replacement of a polar serine by an aliphatic 

leucine residue has a negative impact on the enzymatic activity and stability of full-

length Cek1, without compromising its overall structure. As observed for the 

truncated Cek1 variants, those differences do not result from variations in the 

nucleotide binding affinities. Interestingly, both full-length Cek1 variants were 

autophosphorylated as detected by the anti-phospho p44/42 antibody. However, 

the autophosphorylation signal detected with full-length Cek1_Leu was less intense, 

in accordance with activity assays, in which the catalytic activity of the leucine 

variant was significantly lower than the serine variant. This result was in contrast to 

what was uncovered by the truncated Cek1 protein, where a leucine at the CUG 

encoded position completely abolished the autophosphorylation of the Cek1 kinase. 

Moreover, as we previously observed in the truncated Cek1_Ser, the 

autophosphorylation of full-length Cek1 occurs on the conserved Tyr233 of the 
231TEY233 motif within the kinase activation loop. 

Hence, our results reinforce previous evidences that the identity of the CUG 

codon modulates Cek1 stability and enzymatic activity. In this way, we could 

confirm our initial hypothesis that a leucine at the CUG position interferes with 

Cek1 activity and function by reducing, in the full-length Cek1, or abolishing, in the 

truncated Cek1, the autophosphorylation signal. Interestingly, the presence of the 

N-terminal tail enhances the overall thermal stability and enzymatic activity of the 

full-length Cek1 variants. In the full-length leucine-containing variant, the inclusion 

of the N-terminal tail increases the Tm (42.8 °C) to values similar to those for the 

more stable truncated serine-containing Cek1 (ΔN-Cek1_Ser=43.1 °C). This suggests 

that the presence of this low complexity region partly compensates the loss of 

stability imparted by the incorporation of leucine at the CUG site. For the serine 

variant, the Cek1 full-length protein displays a Tm that is 2.6 °C higher than for the 
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truncated construct (ΔN-Cek1_Ser). Nevertheless, the negative impact of leucine 

insertion at the CUG position for enzymatic activity is not fully compensated by the 

inclusion of the N-terminal tail. Therefore, the influence of the CUG residue identity 

for the phosphorylation of specific peptide substrates by the full-length protein still 

needs to be explored. However, preliminary assays suggest that full-length Cek1 

variants were unable to phosphorylate the synthetic Cph1 peptide, as we previous 

observed for the truncated Cek1 protein. Altogether, flexible N-terminal tail of Cek1 

seems to have a positive effect on Cek1 thermal stability and enzymatic activity, 

and potentiates Cek1 autophosphorylation in vitro. 

Our results showed the N-terminal low complexity region positively impacts 

on the stability, enzymatic activity and phosphorylation status of the full-length 

Cek1, but the exact molecular mechanisms underlying the observed effects remain 

to be determined. Flexible regions in protein kinases are known to undergo 

conformational exchange and their highly dynamic properties may mediate 

transient interactions between structured domains facilitating the interaction with 

binding partners (Mollica et al. 2016) or directly regulate enzyme activity (Niesteruk 

et al. 2018b). For example, the N-terminus of PtkA modulates, via a “fly-casting” like 

mechanism of transient interactions, the accessibility of the active site within its 

conserved kinase domain (Niesteruk et al. 2018b). Although it is tempting to 

speculate that in Cek1 the N-terminal tail might directly affect the dynamic 

properties of the structured kinase domain, differences on the expression tags used 

in both constructs (MBP for the truncated Cek1 and Gb1 for the full-length protein) 

do not allow a direct and readable explanation for the observed dissimilarities. 

Previous in vivo results with C. albicans strains demonstrated that the N-terminal 

region was not essential for Cek1 activation by upstream protein kinases, since 

deletion of this region still enabled its phosphorylation (Correia et al. 2016).  

An interesting feature of low complexity regions, in particular those 

containing homorepeats, is the potential for expansion or contraction of the 

repeated amino acid segment. C. albicans showed significant intra-strain variability 

in the number of amino acid repeats (Whiteway et al. 1992, Butler et al. 2009) 

which could modulate protein function, that we speculate might offer some 

advantages for C. albicans rapid adaptation to the different host 

microenvironments (Sampaio et al. 2009). Preliminary comparison of Cek1 

polymorphisms in various C. albicans strains showed a significant variability in the 

size of the polyQ repeats in its N-terminal tail (personal communication by Dr. 
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Chavali, Indian Institute of Science Education and Research, Tirupati, India) (Figure 

3.9). 

 

 

Figure 3.9 Cek1 N-terminal region repeat variability across different C. albicans strains 

(provided by Dr. Chavali).  

 

We postulate that variable flexible segments enriched in polyQs create new 

regulatory opportunities by modulating protein function and/or complex assembly. 

Those regulatory networks might impact on the flow information across C. albicans 

signaling pathways, with consequences for adaptation to the host and 

pathogenicity. For instance, the polyQ tract at the N-terminal region of the C. 

albicans Tpk2 is involved in its invasive properties (Bockmuhl et al. 2001). 

Additionally, the polyQ tract in the transcription factor Efg1 (at the N- and C-

terminal regions) is required for the specific morphogenetic switching (Noffz et al. 

2008) and in the Cph1 (two polyQ at the C-terminal) is essential for the 

transcriptional activation (Maiti et al. 2015). 

Altogether, our biochemical and biophysical results with full-length Cek1 

give the first insight on the role of the CUG ambiguity in the context of full-length 

C. albicans Cek1. Further studies will be required in order to understand the 

complex mechanism that mediates the correlation between CUG codon ambiguity 

and the presence of amino acid homorepeats in C. albicans proteins with 

implications in virulence and pathogenicity. 
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4.1 Introduction 

The cellular functions are critically dependent on the correct assembly of 

proteins to become functional multiprotein complexes. Protein-protein interactions 

(PPIs) are essential to most biological processes and the major challenge is to 

understand its complex network properties and dynamic interchanges in response 

to various signals (Westermarck et al. 2013). PPIs often define the specificity in 

signal transduction and might differ in the physiological and pathological 

conditions. The correct functioning of signaling pathways requires multiple 

sequential and transient interactions between upstream and downstream 

components of the signal cascade. 

Several approaches have been used to uncover the protein interaction 

networks in Candida albicans, such as the detection of binary interactions by the 

commonly used methodology yeast two-hybrid assay (Y2H) (Ratushny et al. 2008, 

Cote et al. 2011). Nevertheless, as previously mentioned, the C. albicans alternative 

genetic code usage poses one the biggest challenges regarding large-scale protein 

interaction studies in this human pathogen, mostly because of the requirement to 

develop unique tools adapted to C. albicans  (Schoeters et al. 2019). Protein-protein 

interactions in C. albicans have been identified by the vesicle capture interaction 

assay (Boysen et al. 2009) or tandem-affinity purification (Kaneko et al. 2004, 

Blackwell et al. 2009). Another approach for PPIs detection is the expression of the 

bait protein with an unnatural photo-cross-linker amino acid, that promotes the 

formation of covalent links with interacting proteins in its proximity (Palzer et al. 

2013). Recently, a bimolecular fluorescence complementation assay (Subotic et al. 

2017) and the adapted yeast two-hybrid system for use in C. albicans (C2H) (Stynen 

et al. 2010) were developed providing new insights into molecular mechanisms of 

PPIs and signaling in C. albicans. Furthermore, this C2H improved for a high-

throughput screen disclosed thousands of PPIs in C. albicans (Schoeters et al. 

2018). 

Many biological processes relevant for C. albicans survival in the human host 

as a commensal or as a pathogen, such as biofilm formation and filamentous 

growth, depend on the dynamic association and dissociation of regulatory 

macromolecular interaction networks (Das et al. 2019). The MAPK signaling 

cascades, in particular, respond to external cues by assembling functional protein 

complexes whose function is regulated by highly specific PPIs. The Cek1 MAPK 

pathway is highly enriched in proteins containing CUG-encoded residues, in 
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particular Cek1 (1 CUG), Hst7 (4 CUGs) and Cst5 (3 CUGs). Therefore, the CUG 

ambiguity might modulate and reshape the PPIs in this C. albicans signal 

transduction cascade linked to morphogenesis and virulence. In agreement, 

discrepancies were observed in PPIs using S. cerevisiae Y2H assay (Cote et al. 

2011), in which all CUG codons are translated as leucine, and the C. albicans C2H 

(Stynen et al. 2010). This C2H methodology revealed known and novel protein 

interactions, namely the interaction between Hst7 and Cek1, that was not identified 

by the Y2H system (Stynen et al. 2010) (Figure 4.1, continuous line), suggesting 

that the CUG residue identity is relevant for the Hst7-Cek1 interaction. In addition, 

Cek1 interaction with downstream transcription factor Cph1 was also identified 

(Stynen et al. 2010) (Figure 4.1, continuous line). Despite the disadvantage of the 

Y2H assay that could miss some of the PPI in C. albicans, some interactions among 

these regulatory proteins were discovered by this method and confirmed by co-

immunoprecipitation experiments (Cote et al. 2011, Yi et al. 2011). Hence, it was 

demonstrated that MAPK Cek1 is able to interact with upstream kinases (Ste11 and 

Hst7) and the scaffold protein Cst5 (Figure 4.1, dashed lines). Moreover, C. albicans 

Cst5 binds to the MAP kinases Ste11 and Hst7, which also interact with Ste11 (Cote 

et al. 2011, Yi et al. 2011) (Figure 4.1, dashed lines).  

 

 

Figure 4.1 Diagram of the PPIs described in C. albicans Cek1 pathway. The scheme maps 

the binding regions between MAP kinases Ste11-Hst7-Cek1, the scaffold protein Cst5, and 

the downstream transcription factor Cph1. The locations of the interacting regions mapped 

for each interaction are underlined. Dashed lines represent the interactions identified by 

Y2H system and continuous line the interaction by C2H methodology. 
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Docking interactions between MAPKs and their interaction partners are 

important for directing the signal transduction flow. The presence of CUG-encoded 

residues together with differences in domain organization of the scaffold protein 

Cst5, which is crucial for the regulation of signal transduction, suggest alterations 

in the docking protein-protein interactions of this Cek1-dependent MAPK network 

(Cote et al. 2011). The scaffold protein Cst5 shares 24% of amino acid sequence 

identity with S. cerevisiae Ste5 and has less than half its size (Figure 4.2A). 

Moreover, while both scaffold proteins contain the RING and pleckstrin homology 

(PH) domain, the disappearance of the von Willebrand type A (vWA) domain from the 

Cst5 protein (Figure 4.2A-B), suggest a modified assembly mechanism regulating 

the Cek1-mediated signal transduction cascade (Cote et al. 2011, Yi et al. 2011).  

The Ste5 RING domain interacts with Gβ subunit of G protein to localize it to 

the membrane when the pathway is activated, and contains a cysteine-rich region 

involved in zinc coordination, that is well conserved in C. albicans Cst5. The RING-

H2 motif of S. cerevisiae Ste5 is a variant of the class RING domains, with a second 

histidine in place of the cysteine usually found at position 5. In C. albicans Cst5, the 

RING domain displays a histidine residue at position 5, but contains at position 4 an 

aspartate (conserved in C. albicans orthologs) replacing the histidine residue found 

in S. cerevisiae Ste5 (Figure 4.2A). As in Ste5, the Cst5 RING domain mediates its 

homodimerization (Cote et al. 2011). The PH region of Ste5, well conserved in Cst5, 

binds to phosphoinositol, facilitating its membrane docking, and also to Ste11 

allowing the association with its activator Ste20 and MAPK cascade initiation (Inouye 

et al. 1997, Garrenton et al. 2006). In contrast, the Fus3-binding domain (FBD) is 

not totally conserved in Cst5 (Figure 4.2A). This region is not required for Fus3 

activation but instead serves a feedback regulatory role (Bhattacharyya et al. 2006, 

Good et al. 2009), a molecular mechanism that might not be fully replicated in the 

Cst5-Cek1 interaction. 

In S. cerevisiae, the Ste5 vWA domain, missing in Cst5, mediated the 

interaction with Ste7, acting as a co-activator that allosterically unlocks the Fus3 

activation loop facilitating its phosphorylation by Ste7 (Bhattacharyya et al. 2006, 

Good et al. 2009). Ste7 displays 39% of amino acid sequence identity with C. 

albicans Hst7 and contains two docking motifs, conserved in Hst7, that bind to 

Fus3 (Figure 4.2C) (Remenyi et al. 2005).  

Nevertheless, it seems that the smaller size of Cst5 and the lack of the vWA 

domain, compared to S. cerevisiae Ste5, do not hamper Cst5 homodimerization and 

the tethering of the MAPKKK Ste11, MAPKK Hst7 and MAPK Cek1. The scaffold 
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protein Cst5 is an essential protein in the activation and regulation of C. albicans 

signaling cascade but the fine details of the molecular interactions mediating its 

tethering function appear to have rewritten (Stynen et al. 2010, Cote et al. 2011, Yi 

et al. 2011). 

 

 

Figure 4.2 Amino acid sequence analysis of C. albicans Cst5 scaffold protein and 

MAPKK Hst7. (A) Amino acid sequence alignment of C. albicans Cst5 and S. cerevisiae 

orthologue Ste5. The three CUG-encoded residues (Ser226, 237 and 254) of C. albicans Cst5 

are marked with blue triangle. The main structural elements of Cst5 (above amino acid 

sequence) and Ste5 (below amino acid sequence) are represented: RING domain (light blue), 

PH domain (teal), vWA domain (orange), FBD (yellow), and the cysteine and histidine 
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conserved zinc atom coordination motifs of the RING-H2 finger domain. (B) Schematic 

representation of the domain organization of Cst5 and Ste5, according to the amino acid 

sequence alignment shown in A. (C) Amino acid sequence alignment of C. albicans Hst7 and 

S. cerevisiae orthologue Ste7. The four CUG-encoded residues (Ser71, 227, 264 and 284) of 

C. albicans Ste7 are marked with blue triangle. Ste7 peptides docking motifs that bind to 

Fus3 (pink). (A, C) Residues are colored according to a residue conservation scale (red: 

identical residues, orange to blue: decreasing conservation of amino acid properties; white: 

dissimilar residues). Figure prepared with Aline (Bond et al. 2009). 

 

In order to map the protein-protein interactions regulating the C. albicans 

Cek1 signal transduction pathway, we aimed to characterize the upstream kinase of 

Cek1, Hst7 and the scaffold protein Cst5. To this end, different Cst5 truncation 

constructs were successfully produced using the ESPRIT (Expression of Soluble 

Proteins by Random Incremental Technology) for structural and functional studies. 

Remarkably, our results disclosed a direct interaction between the active domain of 

Cek1 and a Cst5 construct lacking the N-terminal RING domain. Nonetheless, 

additional studies are essential to unravel the molecular details of this interaction 

and the effect of CUG residue identity on the assembly of the kinase modules on 

the Cst5 scaffold. 

 

4.2 Material and Methods 

4.2.1  Strategies for cloning, expressing and purifying Cek1 interactors 

A synthetic gene encoding C. albicans Cst5 (CUG codons mutated to a serine 

residue) was purchased (Genscript) with the codons optimized for E. coli expression 

and cloned into pPR-IBA2 vector (IBA Biotecnology) with restriction sites NdeI and 

EcoRI. Cst5 (Strep_Cst5_His) was in frame with a N-terminal Strep-tag and a tobacco 

etch virus (TEV) protease recognition site and a C-terminal with TEV recognition site 

and hexahistidine (His6) tag. In addition, a new construct of Cst5 (Strep_Cst5) was 

produced by site-directed mutagenesis (QuickChange, Agilent Tecnologies) to 

introduce a STOP codon before the TEV recognition site and His6 tag at the C-

terminal (Table 4.1). 
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Table 4.1 Oligonucleotides used for site-directed mutagenesis of Cst5. 

Oligonucleotide Sequence (5´ to 3´) 

Cst5_stop1277 for TGCTGACCTCGGACCCGTAAGAGAATCTTTATTT
TCAG 

Cst5_stop1277 rev CTGAAAATAAAGATTCTCTTACGGGTCCGAGGT
CAGCA 

 

Expression of Cst5 was assessed at small scale combining five different E. 

coli strains (BL21(DE3), BL21Star(DE3), BL21(DE3)pLysS, Origami2(DE3) and 

Rosetta(DE3) and temperatures (20 °C and 25 °C) obtaining ten different expression 

conditions. Protein expression was induced by the addition of Isopropyl-β-D-

thigalactoside (IPTG) to a final concentration of 0.5 mM and incubating for 4 hours 

or overnight depending on temperature, 25 or 20 °C respectively. After protein 

expression, the cultures were harvested at 4000 g, 4 °C for 15 minutes and pellets 

were ressuspended in lysis buffer (100 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM 

EDTA, 5% (v/v) glycerol, 5 mM 2-mercaptoethanol). Cells were lysed by sonication 

(Sonoplus HD2200, Bandelin Electronic) and centrifuged at 13000 g (Eppendorf 

5414) for 15 min at 4 °C. The supernatants (soluble fractions) and pellets (insoluble 

fractions) were resuspended in lysis buffer and analyzed by SDS-PAGE. 

Soluble expression of Strep_Cst5_His was found in BL21(DE3)pLysS at 25 °C, 

after 4 hours on inducing protein expression with IPTG, while for Strep_Cst5 in 

Rosetta(DE3) soluble protein expression was observed following an overnight 

induction at 20 °C. Purification of both constructs was performed in a StrepTrap HP 

column (5 ml, GE Healthcare) pre-equilibrated in buffer A (100 mM Tris-HCl pH 7.5, 

150 mM NaCl, 1mM EDTA, 5% glycerol, 5mM β-mercaptoethanol) and proteins 

eluted with buffer A supplemented with 2.5 mM d-desthiobiotin. Further, the eluted 

fraction was purified by size exclusion chromatography (SEC) on a HiPrep 16/60 

Sephacryl S100 column (GE Healthcare) equilibrated with protein buffer (20 mM 

Tris-HCl pH 7.5, 150 mM NaCl, 1mM EDTA, 5% glycerol, 1 mM DTT). Fractions 

containing protein were concentrated on centrifugal ultrafiltration devices (10 kDa 

cutoff; Merck Millipore) and final concentration was estimated measuring the 

absorbance at 280 nm using the theoretical extinction coefficient (Table 4.2). 
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Table 4.2 Extinction coefficient (M-1 cm-1) of Cst5 constructs based on amino acid sequence. 

Protein Extinction coefficient (M-1 cm-1 

Strep_Cst5_His 47,900 

Strep_Cst5 46,410 

 

The synthetic gene coding for C. albicans Hst7 (GenScript) (CUG codons 

mutated to a serine residue) was cloned using the Sequence and Ligation 

Independent Cloning (SLIC) technique. SLIC cloning is sequence independent and 

based on homologous recombination of vector and insert with 15–25 bp 

homologies on both DNA ends. The EMBL pETM-vectors were modified to obtain the 

vectors – pCoofy – with different tags followed by protease cleavage sites (Table 

4.3) (Scholz et al. 2013). The HRV 3C protease cleavage site, located downstream of 

the N-terminal purification or solubility enhancing tag, can be used for tag removal, 

and the 3’ end of the toxic ccdB gene, serves as primer binding sites common to all 

of the pCoofy vectors. 

 

Table 4.3 pCoofy vectors with different N-terminal tags and respective primers used for 

cloning Hst7. 

pCoofy N-tag fw primer Rev primer 

pCoofy1 His6 3C ccdB 

pCoofy18 His10 3C ccdB 

pCoofy2 Trx-His6 3C ccdB 

pCoofy4 His6-MBP 3C ccdB 

pCoofy16 His10-NusA 3C ccdB 

pCoofy5 His6-Sumo1 Sumo1 ccdB 

pCoofy6 His6-Sumo3 Sumo3 ccdB 

 

Specific primers based on the SLIC strategy were designed for PCR 

amplification of pCoofy vectors and Hst7. Primers were composed of Hst7 sequence 

plus an extension complementary to vectors primers LP1 forward (corresponds to 

the HRV 3C protease site) and LP2 reverse (located at the C-terminus of ccdB) (Table 

4.4). The addition of adapter sequences at the end of each PCR product alters the 

desired insert sequence, important for cloning of multiple PCR fragments into a 

single vector. The SLIC reaction was carried out by recombinase enzyme RecA to 
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anneal vector and insert to obtain high levels of cloning efficiency followed the E. 

coli transformation and sequence analysis. 

 

Table 4.4 Primers for vector amplification and complementary primer extensions for Hst7. 

Underlined sequences correspond to the sequence of primers LP1 and LP2. 

Oligonucleotide Sequence (5´ to 3´) 

3C_Hst7_fw CTGGAAGTTCTGTTCCAGGGGCCCATGGGCACCCGCACCAC
CCGTA 

Sumo1_Hst7_fw GTCTACCAGGAACAAACCGGTGGAATGGGCACCCGCACCAC
CCGTA 

Sumo3_Hst7_fw GTGTTCCAGCAGCAGACCGGTGGAATGGGCACCCGCACCAC
CCGTA 

ccdB_Hst7_rv CCCCAGAACATCAGGTTAATGGCGTAAAACCTTGCACTTGCG
GATTTTCTTCGC 

 

 

The positive clones of pCoofy_Hst7 obtained from SLIC strategy, with N-

terminal tags: His6, His10, Trx-His6, His10-NusA, His6-SUMO1 and His6-SUMO3 

were tested in a small-scale expression. Soluble expression of Hst7 in fusion with 

these N-terminal tags was assessed in E. coli strains BL21(DE3), BL21(DE3)pLysS and 

Rosetta(DE3) induced with addition of 0.9 mM of IPTG and tested with different 

conditions such as temperature and incubation time: 25-30 °C during 3-6 hours or 

20 °C overnight. After protein expression, cultures were centrifuged at 4000 g, 4 °C 

for 15 minutes and pellets ressuspended in lysis buffer (20 mM sodium phosphate 

pH 7.5, 500 mM NaCl, supplemented with 100 µg/ml lysozyme). Cells were lysed by 

sonication (Sonoplus HD2200 200 W sonicator, Bandelin Electronic) and then 

centrifuged at 15000 g (Eppendorf 5414R) for 15 minutes at 4 °C. Pellets (insoluble 

fractions) and the supernatants (soluble fractions) were analyzed by SDS-PAGE. 

 

4.2.2  ESPRIT cloning and production of Cst5 

The Esprit technology was used at the Institute for Structural Biology 

(Genoble, France) in collaboration with Philippe Mas and Darren Hart through a 

project financed by Instruct-ERIC (Structural Biology European Research 

Infrastructure). Before starting the experiments, an analysis with Phyre2 online 

software (www.sbg.bio.ic.ac.uk/phyre2) was used to predict and identify domains of 

Cst5 protein and design a truncation library: for the 5' deletion libraries - N-terminal 

truncated – N-terminal full length (N-term fl) plus the position 10 aa downstream of 
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the modeled PH domain (N-term LPAP, Figure 4.3 purple box) were fixed; for 3’ 

deletion library the C-terminal aa (C-term fl) plus position 10 aa upstream of the 

modeled ring domain (C-term FQTI, orange box) were fixed (Figure 4.3). 

 

 

Figure 4.3 Schematic representation of Cst5 construct. The cyan box represents the ring 

domain 66-137 aa and teal box the PH domain 221-324 aa, predicted using the Phyre2 

software. To design the truncation library, 10 aa upstream the ring domain (pink box) as 

well as 10 aa downstream the PH domain (purple box) were marked. 

 

ESPRIT technique was performed according to the procedure previously 

described in detail by Mas et al. (Mas et al. 2017). The synthetic gene of Cst5 

(Genscript) was amplified by PCR using the designed primers (Table 4.5) and cloned 

into pESPRIT02 vector, in frame with N-terminal TEV-cleavable hexahistidine tag 

plus a C-terminal sequence encoding biotin acceptor peptide (BAP), using the 

restriction sites AscI/NsiI (N-terminal) or AatII/NotI (C-terminal) according to the 

exonuclease III/mung bean nuclease protocol (Figure 4.4). The obtained vectors 

containing Cst5 fragments with the size range of interest were sequenced prior to 

starting the ESPRIT screening strategy. 

 

Table 4.5 Oligonucleotides used to design Cst5 library with N- and C- terminal truncations. 

Oligonucleotide Sequence (5´ to 3´) 

Cst5 N-ter for GGATCTTGGGCGCGCCTAAATGCTGCAATCAACGCCGAAAT
CCTG 

Cst5 fl rev GGATCTTGATGCATTCGGGTCCGAGGTCAGCAGAGCG 

Cst5 LPAP rev GGATCTTGATGCATTCGGTGCCGGCAGTTGCAGATGTG 

Cst5 fl for GGATCTTGGACGTCGAATGCTGCAATCAACGCCGAAATCCT
G 

Cst5 FQTI for GGATCTTGGACGTCGATTTCAGACCATTAACCCGGGCCTGA
ATC 

Cst5 rev GGATCTTGGCGGCCGCTTACGGGTCCGAGGTCAGCAGAGC
G 
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Figure 4.4 CST5 inserts were cloned into the pESPRIT02 vector. The truncation library 

was constructed using an exonuclease III/mung bean nuclease protocol. For 5' deletion 

libraries, inserts were subcloned in-frame with the sequence encoding the BAP using AscI 

and NsiI. For 3' deletion libraries, inserts were in-frame with the His6 and TEV encoding 

sequence using AatII and NotI. 

 

The ESPRIT plasmids with Cst5 inserts were cut at the gene terminus to be 

truncated, adjacent to the His6
 
or BAP sequence, using the restriction enzymes AscI 

or NotI, that leave a 5’ overhang (exonuclease III substrate) and AatII or NsiI 

resulting in 3’ overhangs (exonuclease III resistant). The exonuclease truncation 

reaction was performed to generate the linearized pESPRIT02 plasmids containing 

truncated Cst5 inserts that were size selected by agarose gel electrophoresis and 

transformed in E. coli. After random Cst5 construct libraries clones were analyzed 

and validated. 

The Cst5 constructs were transformed in arabinose-inducible E. coli BL21 

strain (BL21 AI RIL) and titrated onto agar trays by an automated process using 

Kbiosystems K3 colony picker in 384 well plates. Afterwards, a colony array of 

protein expression was performed on nitrocellulose membranes probed with 

fluorescent streptavidin, to detect the biotinylation of the C-terminal BAP (green), an 

indicator of solubility, and a monoclonal antibody used against the N-terminal His6 

tag (red). Clones exhibiting both N- and C-terminal tags fluorescence signal (double 

tag, yellow) were selected by colony blot analysis. The positive clones from the 

array-based screen were analyzed in a small scale through the expression and 

purification screening. After the detection of the soluble clones by electrophoresis 

and western blot, Cst5 constructs were selected to scale up (Mas et al. 2017). 
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4.2.3  Expression and Purification of protein from the Cst5 library 

Cst5 constructs were overexpressed in E. coli strain BL21 AI RIL and grown at 

37 °C until OD
600

 reached 0.6-0.8. The expression was induced at 25 °C overnight 

with 0.2 % (w/v) arabinose and 50 µM of biotin. Cells were harvested by 

centrifugation at 4 °C, 4000g for 25 minutes (Beckman Avanti J-26 XP) and 

ressuspended in lysis buffer (20 mM sodium phosphate pH 7.5, 500 mM NaCl, 5% 

(v/v) glycerol, supplemented with 100 µg/ml lysozyme) and store at -20°C. 

Bacterial pellets were lysed on ice with agitation for 45-60 minutes in the 

presence of protease inhibitor cocktail and 20 µg/ml DNAse (supplemented with 1 

mM MgCl
2
). The cell lysate was clarified by centrifugation (45 minutes at 35,000 g; 

Beckman Avanti J-26 XP) and loaded onto a HisTrap HP column (GE Healthcare) 

equilibrated with binding buffer (20 mM sodium phosphate pH 7.5, 500 mM NaCl, 

5% (v/v) glycerol, 5mM imidazole). Fractions were eluted by a step gradient with 

elution buffer (20 mM sodium phosphate pH 7.5, 500 mM NaCl, 5% (v/v) glycerol, 

500 mM imidazole). Elution fractions were analyzed by SDS-PAGE and selected for 

further purification by SEC using a Hiprep 26/60 Sephacryl S-100 column (GE 

Healthcare) equilibrated with protein buffer (20 mM HEPES pH 7.5, 200 mM NaCl, 

5% (v/v) glycerol, 1 mM EDTA, 1 mM DTT). Fractions from the preparative SEC were 

analyzed by SDS-PAGE and further concentrated on centrifugal ultrafiltration devices 

(10kDa cutoff) (Merck Millipore). Protein concentration of each purified Cst5 

construct was estimated by measuring the absorbance at 280nm using the 

corresponding extinction coefficient (Table 4.6). 
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Table 4.6 Extinction coefficient of Cst5 constructs based on amino acid sequence.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2.4 Biophysical characterization of Cst5 constructs 

Biophysical characterization of Cst5 by size dynamic light scattering (DLS) 

and differential scanning fluorimetry (DSF) was performed according to protocol 

previously described for Cek1 protein (detailed in Chapter 2 section 2.2). 

The purity and oligomeric state of the Cst5 constructs were analyzed by 

analytical SEC on a Superdex 75 10/300 GL column (GE Healthcare) in protein buffer 

(20 mM HEPES pH 7.5, 200 mM NaCl, 5% (v/v) glycerol, 1 mM EDTA, 1 mM DTT). 

Previously, the column was calibrated using a gel filtration calibration kit containing 

highly purified and well-characterized protein standards (GE Healthcare): blue 

dextran 2000 (used for determination of the void volume - Vo) and a mixture of the 

following proteins, conalbumin (75 kDa), ovalbumin (44 kDa), ribonuclease A (13.7 

kDa) and aprotinin (6.5 kDa). The calibration curve was prepared by measuring the 

elution volumes (Ve) of the standard proteins, calculating their corresponding Kav 

values and plotting them versus the logarithm of their respective molecular weight 

(MW). The Kav parameter was determined according to the equation: Kav=(Ve-

V0)/(Vc-V0), where Vc represents the total bed volume. 

 

Cst5 construct 
Extinction 

coefficient (M-1 cm-1) 

Cst5_ΔN71 

Cst5_ΔN74 
42,400 

Cst5_ΔN163 

Cst5_ΔN171 

Cst5_ΔN176 

Cst5_ΔN183 

Cst5_ΔN184 

Cst5_ΔN189 

Cst5_ΔN205 

Cst5_ΔN207 

35,410 

 

Cst5_ΔN211 33,920 

Cst5_ΔC109 13,980 

Cst5_ΔC127 

Cst5_ΔC131 

Cst5_ΔC152 

Cst5_ΔC209 

15,470 
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4.2.5 Crystallization of Cst5 

Crystallization conditions of Cst5 constructs (Cst5_ ΔN176 and Cst5_ ΔN205) 

were screened at 20 °C using sitting-drop vapour-diffusion method with commercial 

crystallization screens: Index, PEG/Ion 2 (Hampton research), Proplex and Morpheus 

(Molecular dimensions). Experiments were set up in 96-well using an Oryx4 protein 

crystallization robot (Douglas Instruments). The drops consisted of equal volumes 

(100 ηl) of Cst5 (13 mg/ml of Cst5_ΔN176 and 5 mg/ml of Cst5_ΔN205) and 

crystallization solution, equilibrated against 200 μl of reservoir solution. 

 

4.2.6 Bio-Layer Interferometry 

The binding assays were performed by Dr. Carla Almeida (X-PROT, Biocant-

Cantanhede) on an Octet Red96 biolayer interferometry (BLI) system (FortéBio Inc) 

using Streptavidin A coated biosensors. The assays were performed at 30 °C, in a 

total reaction volume of 200 µL and using 96-well plates (Greiner Bio). For the Cts5 

binding both variants of ΔNCek1 were tested. The biotinylated Cts5 peptide 

(ΔN184) was loaded at 10 µg/mL, in 1x kinetic buffer (PBS pH 7.4, 0.1% BSA, 0.02% 

Tween 20) onto seven biosensors and then incubated with different concentrations 

of ΔNCek1_Ser or ΔNCek1_Leu. The analyte was diluted also in the same buffer and 

tested for different concentration in a range from 0 ηM to 5.60 µM, by half serial 

dilutions. The association step was carried out over 400 seconds while the 

dissociation step was followed for 600 seconds.  The Data Analysis Software 

(version 9.0 –Forte Bio) was used to process and analyze the data using a buffer 

blank as reference and a 1:1 binding interaction model with global fitting. 

 

4.3 Results 

4.3.1 Sequence and structure analysis of the scaffold protein Cst5 

The Cst5 sequence was analyzed with online software Phyre2, one of the 

most widely used methods for protein structure prediction based on the 

comparison of a protein sequence of interest with a large database of structurally 

characterized sequences (Kelley et al. 2015). The Cst5 secondary structure was 

predicted with a high percentage of disorder (51%) and a prediction of 21% and 16% 

for α-helix and β-strand, respectively. The Phyre2 displays the predicted secondary 

structure of Cst5, with 201 amino acids (52%) of Cst5 modeled at >90% confidence 
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using multiple templates. More than one solution of the secondary structure 

models, which align in two regions of the Cst5 sequence, was obtained. Based on 

the Phyre2 criteria, the first two templates were selected in which Cst5 protein 

regions have been modeled, a RING domain (aa 66-137, 18% identity to template 

sequence, 97.5% confidence) and a PH domain (aa 221-324, 12% identity to 

template sequence, 97.6% confidence) (Figure 4.5). To complement the analysis, the 

structural homology models of Cst5 domains were obtained using the online server 

Swiss-Model (Arnold et al. 2006). The 3D structure of the RING (aa 77-117, 20.9% 

identity) and PH domains (aa 220-331, 13.5% identity) were determined using as a 

template the isolated RING domain structure (PDB 2MT5) and the PH region of the 

Rho guanine nucleotide exchange factor 9 (PDB 4MT7) (Figure 4.5). 

 

 

Figure 4.5 Cst5 structure prediction by homology modeling. Schematic representation of 

Cst5 sequence with the RING domain (cyan blue) and the PH domain (teal) and three-

dimensional homology models of these regions. 

 

4.3.2 Cloning and expression of scaffold protein Cst5 and MAPKK Hst7 

The first approach to express Cst5 was achieved using the expression vector 

pPR-IBA2 (Strep_Cst5_His). The expression patterns were analyzed by SDS-PAGE, but 

Cst5 expression was only observed in some conditions and found exclusively in 

inclusion bodies without visible expression in the soluble fraction. In order to 

overcome this issue and improve the Cst5 solubility, some strategies were tested, 

such as the addition of L-arginine in the Luria-Bertani (LB) medium to E. coli cells 

during expression (Tsumoto et al. 2004), although they were not efficient to 

enhance the protein solubility. Since the presence of a His6 tag at the C-terminal 

was shown to have an effect on protein stability (Cereija et al. 2019), a new 
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construct (Strep_Cst5) in which the His6 tag was removed was used as an 

alternative to test Cst5 expression with same conditions described above. However, 

no significant recovery of Cst5 in the soluble fraction was observed. Nevertheless, 

Cst5 was expressed using two conditions, namely BL21(DE3)pLysS E. coli cells at 25 

°C, after 4 hours induction of protein expression (Strep_Cst5_His) and Rosetta(DE3) 

after an overnight induction at 20 °C. However, the amount of Cst5 protein 

recovered after purification was very low and not enough to be used in further 

biochemical and biophysical experiments. 

The pCoofy expression vectors (His6, His10, Trx-His6, His10-NusA, His6-

SUMO1 and His6-SUMO3) were successfully cloned with Hst7 by SLIC technology. 

These Hst7 constructs were used to test protein expression in different conditions. 

The expression test patterns showed that the soluble expression of Hst7 was 

obtained with His10 tag (MW 68 kDa) in E. coli Rosetta(DE3) at 25 ̊C after induction 

of protein expression for 4 hours (Figure 4.6). This expression condition was 

selected for future large scale Hst7 production. 

 

 

Figure 4.6 SDS-PAGE analysis of Hst7 expression. His10_Hst7 (68kDa) expression pattern 

in E. coli Rosetta(DE3) cells at 25 °C during 4 hour (green box). MW – molecular weight, BI – 

sample before induction, S- soluble fraction, I- insoluble fraction. 

 

4.3.3 Identification of soluble Cst5 constructs using the ESPRIT system 

Initial trials described above, using two constructs of the scaffold protein 

Cst5 in different expression conditions, yielded no soluble forms of the Cst5 

protein. Therefore, the ESPRIT technique, a random incremental truncation library 

approach was used to produce a large library of random genetic constructs of the 
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Cst5 and screen them to identify soluble expression. According to sequence and 

structural analysis, N- and C-terminally truncated variants were defined and selected 

for the exonuclease III and mung bean nuclease truncation protocol to generate a 

random library of Cst5 (Mas et al. 2017). The N-terminal truncated library was 

performed fixing the C-terminal amino acid plus 10 amino acids downstream the 

modeled PH domain (Figure 4.3). The same strategy was followed to the C-terminal 

truncated variants, where the N-terminal amino acid plus 10 amino acids upstream 

the RING domain were fixed (Figure 4.3). The protocol generates a random library 

of Cst5 constructs cloned in-frame with N-terminal cleavable His6 tag and C-

terminal BAP, which is used as a marker for protein solubility and stability during 

colony screening. 

For each library, Cst5 fragments were selected by expected size on agarose 

gel and colony PCR analysis showed the insert lengths divided in two pools - 5’ and 

3’ deletions. In total, 18.432 randomly truncated clones (6000 for each sub library) 

were picked into 384-well plates and screened by construction of colony arrays. The 

solubility screening was employed in three steps: the robotic spotting of clones on 

nitrocellulose membrane, growing colonies and inducing protein expression by 

shifting membranes to agar plates containing IPTG. Putative soluble expression 

clones were analyzed on the nitrocellulose membrane hybridized with fluorescent 

probes. The detection of biotinylation of a C-terminally fused BAP together with the 

presence of the N-terminal His6 tag, suggests the construct being expressed by 

that truncation mutant is both soluble and intact. The 95 Cst5 clones exhibiting the 

strongest signal and possessing both BAP and His6 tags were selected to proceed 

with small-scale protein expression tests, Ni-NTA purifications, SDS-PAGE and 

western blot. 

Sixteen constructs (11 for N-terminal and 5 for C-terminal truncations library) 

with an in frame Cs5 sequence showed a diversity of sizes and the encoded protein 

fragments were mapped onto the Cst5 primary sequence (Figure 4.7A). Sizes of the 

Cst5 clones were identified after DNA sequencing of the inserts (including tags). 

The clones were further selected based on the ability to express soluble protein in 

small-scale approaches and sequenced to identify construct boundaries that 

covered structurally uncharacterized regions of the Cst5 protein (Figure 4.7A). Cst5 

constructs from the N-terminal truncation library range from 24 to 40 kDa, however 

only constructs that do not contain the RING domain were expressed in the soluble 

fraction (ΔN163, ΔN171, ΔN176, ΔN183, ΔN183, ΔN189, ΔN205, ΔN207, ΔN211) 

(Figure 4.7B). The remaining N-terminal (ΔN71, ΔN74) and C- terminal (ΔC109, 
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ΔC127, ΔC131, ΔC209) Cst5 constructs containing the RING domain were not 

selected for further studies due to lack of expression (Figure 4.7B). All of the nine 

Cst5 constructs expressed in the soluble fraction were selected from the N-terminal 

truncation library and subsequently expressed and purified in large scale cultures 

(Figure 4.7B). 

 

 

Figure 4.7 Screening of Cst5 library. (A). Schematic representation of the Cst5 protein 

sequence with RING and PH domains (above). N- and C-terminal truncation libraries with 

corresponding theoretical molecular weight of Cst5 fragments are shown below. Cst5 

fragments selected for E. coli expression (black lines) represent Cst5 constructs that are 

expressed in the soluble fraction. (B) 12.5% SDS-PAGE analysis of small-scale expression of 

Cst5 constructs. Lanes BI – before induction and expression of Cst5 after induction at 25 °C 

overnight with 0.2 % (w/v) arabinose and 50 µM of biotin. 

 

4.3.4 Biochemical and biophysical characterization of Cst5 truncation 

constructs 

N-terminally truncated Cst5 constructs exhibiting detectable soluble protein 

expression in small-scale experiments were further purified with yields between 2 

mg and 20 mg of purified protein per liter of E. coli culture (Table 4.7). 
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Table 4.7 Yield of Cst5 construct expressed and purified. 

Cst5_ ΔN 163 171 176 183 184 189 205 207 211 

Yield 

(mg/L) 
24 6 13 16 15 13 5 2 4 

 

 

All the Cst5 constructs were analyzed by SDS-PAGE (Figure 4.8A) and eluted 

earlier than expected for monomeric proteins, considering their theoretical 

molecular weights. Three Cst5 constructs (ΔN205, ΔN207, ΔN211) were purified as 

a single band above 25kDa on SDS-PAGE gel (Figure 4.8A). The six larger constructs 

with theoretical molecular weight around 27-30kDa (ΔN163, ΔN171, ΔN176, 

ΔN183, ΔN184, ΔN189) showed a single band below 37kDa on the SDS-PAGE gel 

(Figure 4.8A). The characterization of the Cst5 constructs by analytical size 

exclusion (SEC) chromatography showed that all Cst5 proteins eluted in a volume 

corresponding to proteins with a molecular weight higher than expected for 

monomeric proteins of spherical shape (Figure 4.8B-D). These results were 

confirmed with the estimated molecular weight calculated from the calibration 

curve revealing an apparent molecular weight compatible with dimeric assemblies 

(Figure 4.9). 

 

 

Figure 4.8 Analysis of N-terminal truncated Cst5 constructs identified by screening of 

the truncation library. (A) 12.5% SDS-PAGE gel analysis of purified Cst5 proteins. (B-D) SEC 

profile of the Cst5 constructs using a Superdex 75 10/300 GL column. 
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Figure 4.9 Calibration of analytical SEC. Superdex 75 10/300 GL column. (A) Elution 

profile of the standard molecular weight (MW) markers: conalbumin (75 kDa; Ve=9.7 ml), 

ovalbumin (44 kDa, Ve=10.4 ml), ribonuclease A (13.7 kDa, Ve=13.6 ml), aprotinin (6.5 kDa, 

Ve=15.0 ml) in a Superdex 75 10/300 GL equilibrated in 20 mM HEPES pH 7.5, 200 mM 

NaCl, 5% (v/v) glycerol, 1 mM EDTA, 1 mM DTT. Ve correspond to elution volume. (B) 

Calibration curve of Superdex 75 10/300 GL. (C) Estimated MW of Cst5 truncation 

constructs by analytical SEC. 

 

The Cst5 constructs were analyzed by DLS, a technique to assess the 

homogeneity of proteins that also provides hydrodynamic radius (R
H
) values to 

estimate the molecular weight (Figure 4.10A-C). Data showed that most Cst5 

constructs were monodisperse (polydispersity (Pd) ~20%) with an estimated 

molecular weight higher than expected for globular monomeric proteins (Figure 

4.7A, 4.10D). Altogether, these results suggest that in these conditions Cst5 

constructs could be homodimers. Although, Cst5_ΔN205 and ΔN207 display 

multiple visible peaks (distribution by intensity, not shown) with a Pd value around 

30%, suggesting the presence of high molecular weight aggregated species. 
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Figure 4.10 DLS of N-terminal truncation constructs of Cst5. (A) DLS of Cst5 ΔN163, 

ΔN171, ΔN176 (B) ΔN183, ΔN184, ΔN189 (C) ΔN205, ΔN207. (D) Data obtained from DLS 

for Cts5 constructs: Pd, R
H
 and the estimated MW calculated with Zetasizer software 

(Zetasizer v7.12, Malvern Instruments). 

 

The melting temperatures of Cst5 constructs were determined by DSF (Figure 

4.11). The analysis of melting temperature (Tm) revealed no major differences 

between Cst5 constructs, and the deletions between amino acids Leu163 and 

Val207 did not interfere with overall thermal stability of Cst5. The Cst5_ΔN207 

presented the lowest Tm, however based on DLS data, this construct was not a 

homogenous sample, which could interfere with DSF measurements. 

 

 

Figure 4.11 Representative thermal denaturation curves measured by DSF. (A) Cst5 

ΔN163 (52.0 °C), ΔN171 (54.0 °C), ΔN176 (52.7 °C). (B) ΔN183 (54.7 °C), ΔN184 (55.0 °C), 

ΔN189 (54.7 °C). (C) ΔN205 (54.0 °C), ΔN207 (51.0 °C). 
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4.3.5  Interaction of Cek1 variants with Cst5 

The BLI was used to study the molecular interaction between Cek1 and the 

scaffold protein Cst5 (Figure 4.12). In order to evaluate if the effect of CUG 

ambiguity could affect this interaction, BLI was tested with both variants of Cek1 

active domain (ΔN-Cek1_Ser and ΔN-Cek1_Leu) and Cst5_ΔN184 construct. 

Although interaction was observed for both Cek1 variants, good quality binding 

data could only be obtained for the ΔN-Cek1_Ser variant, with an affinity in the low 

micromolar range (K
D
=1.7×10-7 ± 1.7 ×10-9 M). 

 

 

Figure 4.12 Interferometry analysis of the interaction between Cst5 and ΔN-Cek1_Ser 
protein. (A) The biotinylated Cst5 was bound to streptavidin biosensors and incubated with 

several dilutions of ΔN-Cek1_Ser 0.17 µM (purple), 0.35 µM (yellow), 0.70 µM (green), 1.40 

µM (light blue), 2.80 µM (red), 5.60 µM (dark blue). The real time binding response (nm) is 

plotted against time for different concentrations of ΔN-Cek1_Ser. (B) Curve fitting for the 

determination of the kinetic parameters. The data were analyzed using the Data Analysis 

Software (version 9.0 –Forte Bio) and a 1:1 binding interaction model with global fitting. 

 

4.4  Discussion 

The identification of PPI in C. albicans is a challenging task, mostly due to 

the alternative CUG codon translation that hinders the study of large protein 

interaction networks. We previously demonstrated that the reassignment of CUG 

codon from leucine to serine in C. albicans modulates the stability and enzymatic 

activity of Cek1 (Fraga et al. 2019). Previous data suggested the rewiring of the 
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protein interaction networks regulating the signal transduction across the MAPK 

cascade centered on Cek1 (Fraga et al. 2019), but the role of ambiguous translation 

of the CUG codon in finely tuning those PPIs, remains undisclosed. In this regard, 

we aimed to characterize the cross-talk between Cek1, the scaffold Cst5 and the 

MAPKK Ste7 and to study the impact of the CUG-encoded for the regulation of this 

signaling cascade. 

Here, we focused on the characterization of the Cst5 scaffold protein that 

has been demonstrated to be able to assemble multiprotein complexes in the Cek1 

pathway (Cote et al. 2011, Yi et al. 2011). The sequence and structural analysis of 

Cst5 predicted a RING domain at the Cst5 N-terminal region, with a typical zinc-

finger motif (residues 66-137) plus a PH domain (residues 221-324). The library-

based ESPRIT method (Mas et al. 2017) was successfully applied to the Cst5 target 

protein, allowing the production of Cst5 soluble fragments. These results showed 

that Cst5 N-terminal truncations, which contain the PH domain, were highly soluble 

and selected for further biophysical characterization. 

In contrast, all constructs that included the RING domain failed to produce 

soluble Cst5 fragments. The RING domain is characterized by a cysteine-rich motif 

(zinc-finger motif), which forms a specific tertiary structure stabilized by the 

coordination of the metal ion (Deshaies et al. 2009, Cote et al. 2011). Thus, to 

overcome the remarkably lower expression yield of the Cst5 constructs containing 

RING domain, additional zinc enrichment of growth media could be used to improve 

solubility and maintain a stable and well-folded structure. Moreover, semi-

conserved residues within RING domain are also described to be crucial to form the 

domain's hydrophobic core (Deshaies et al. 2009), and structural changes due to 

the lack of zinc coordination might expose those residues leading to insolubility 

and aggregation. 

Pure and soluble Cst5 domain fragments were obtained covering a window 

between residue Leu163 and Glu211 to the C-terminal residue Pro 383. Our results 

showed that Cst5 constructs display differences at the N-terminus position, which 

does not influence the overall protein thermal stability. These fragments include 

part of the RING-PH interdomain linker and the PH domain, a region that was 

described to be involved in the specific interaction with C. albicans Ste11 in Y2H 

system (Cote et al. 2011). Moreover, SEC and DLS revealed that Cst5 constructs 

show an apparent molecular weight consistent with a dimeric state. Although all the 

Cst5 constructs analyzed lack the RING domain, previous data showed that the 

second zinc-finger of the Cst5 RING domain has a central role in Cst5 
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homodimerization (Cote et al. 2011). Further experiments will be required to 

unambiguously confirm the oligomeric state of the purified Cst5 fragments. 

As mentioned before, C. albicans scaffold protein Cst5 is strikingly different 

from S. cerevisiae Ste5 (Cote et al. 2011). The lack of the vWA domain, that in S. 

cerevisiae binds Ste7 and facilitates Fus3 phosphorylation, suggest a distinct 

regulation in a vWA domain-independent manner of the Cek1 MAPK signaling 

pathway. Moreover, the presence of several CUG-encoded residues within the Cst5 

PH domain, suggest that the identity of the CUG residues might further modulate 

this interaction network. 

Our results revealed that serine variant of the active domain of Cek1 (ΔN-

Cek1_Ser) interacts with the Cst5_ΔN184 fragment. A previous study using the Y2H 

system, where all CUG codons are translated as leucines, mapped the interaction 

with Cst5 to the N-terminal region of Cek1 (Cote et al. 2011). However, this region 

(residues 1 to 85), enriched in amino acids repeats, is missing in the Cek1 active 

domain. Further studies are needed to deeply understand the molecular interaction 

between Cek1 and Cst5, using for example, the full-length Cek1 protein, which 

contain this N-terminal tail, other Cst5 constructs and serine or leucine variant of 

these proteins. Preliminary data showed that the leucine variant of the Cek1 active 

domain (ΔN-Cek1_Leu) also binds to the Cst5_ΔN184 (data not shown), but the 

experimental data could not be fitted applying the same binding model used for 

ΔN-Cek1_Ser. Although those results suggesting a distinct behavior of the ΔN-

Cek1_Leu and a possible impact of the CUG residue identity on this protein 

interaction, further experiments will be required to confirm those results. We 

previously demonstrated that a leucine at the CUG position had a negative impact 

on the Cek1 auto-phosphorylation, since no phosphorylation at the conserved 

tyrosine of the T×Y motif was detected in the ΔN-Cek1_Leu variant (Fraga et al. 

2019). Whether the differences in the interaction between Cek1 and Cst5 result 

directly from the presence of the leucine residues at the CUG position or from the 

absence of a phosphorylated tyrosine residue, still needs to be determined. 

As mentioned above, future work will be focused on studying the interaction 

between MAPK Cek1 and other Cst5 constructs as well as with other crucial proteins 

involved in this cascade, in particular, Hst7. Furthermore, the CUG-encoded 

residues present in the Cst5 (3 CUGs) and Hst7 (4 CUGs), expressed as serines will 

be mutated to leucines to evaluate if a serine or leucine insertion at the CUG 

position could modulate protein interactions. 



112		 CHAPTER	4	
 

 

In summary, we have successfully produced different constructs of C. 

albicans scaffold protein Cst5 and assessed the interaction of Cst5_ΔN184 with the 

active domain of Cek1 MAPK. The molecular tools and findings presented in this 

chapter denote the first steps towards the understanding of the protein interaction 

networks regulating C. albicans Cek1 signaling pathway and provide novel 

information with implications for better understanding C. albicans virulence 

attributes. 
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5.1 General discussion 

 

C. albicans is an opportunistic fungal pathogen that is able to adapt and 

survive in different microenvironments, using its morphological and phenotype 

switching, as well as the ability to adhere to host tissues. Such adaptation capability 

is highly coordinated by signaling pathways, such as the mitogen activated protein 

kinases (MAPKs), which mediate these common virulence features and enable C. 

albicans infections (Alonso-Monge et al. 2009). In response to adverse 

environmental conditions, C. albicans ambiguously translates the universal leucine 

CUG codon predominantly as serine (97%), but also as leucine (3%). C. albicans was 

shown to be well adapted and tolerant to genetic code ambiguity: increased levels 

of leucine incorporation at CUG position under stress conditions had no visible 

effect on the growth phenotype but had a significant impact on C. albicans 

morphogenesis, adhesion and hyphal growth, underlining a correlation between 

mistranslation and virulence (Miranda et al. 2007). The Cek1 MAPK pathway, which 

includes several proteins containing these CUG-encoded residues, is tightly 

associated with known C. albicans virulence traits such as morphogenesis, hyphal 

formation and cell wall structure (Alonso-Monge et al. 2006, Ernst et al. 2011). 

Hence, the main goal of this work was to unveil the structural and functional effects 

of the CUG residue identity in regulatory proteins of the Cek1-mediated pathway, a 

key to understand how this unusual codon translation mechanism can modulate the 

C. albicans pathogenicity. 

 

5.1.1 Impact of CUG residue identity in C. albicans Cek1 

Given the differences in the biochemical properties of the two amino acids, 

changing the identity of the CUG codon from leucine, a hydrophobic amino acid to 

a polar serine is expected to affect protein function. We hypothesized that the 

unique CUG-encoded residue in Cek1 could modulate the enzymatic activity, and 

consequently the flow of information across this signaling cascade. C. albicans 

Cek1 shares 63% sequence identity to S. cerevisiae Fus3, a MAPK of the yeast 

mating pathway. Based on Fus3 structure, the CUG-encoded residue of Cek1, 

structurally equivalent to Fus3 Ser141, is located at the ATP binding pocket and 

stabilizes a magnesium-bound water molecule. 
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Our results showed that the identity of the CUG residue impacts on the 

stability and kinase activity of both active domain (ΔN-Cek1) and the full-length 

Cek1 protein. The insertion of a serine at the CUG position stabilized the protein 

(higher melting temperature) and increased the enzymatic activity compared to 

leucine variant. Moreover, the autophosphorylation of Cek1 occurred exclusively in 

the serine variant of the active domain of Cek1 (ΔN-Cek1_Ser) at the tyrosine 

residue of the conserved 231TEY233 motif, located in the kinase activation loop. In 

contrast, in the full-length Cek1 protein, the autophosphorylation of the Tyr233 

residue was also observed in the leucine variant (full-length Cek1_Leu). 

In summary, we showed that leucine insertion at the CUG site interferes with 

Cek1 autophosphorylation, but the biochemical differences observed in vitro 

between the serine and leucine variants are subtle, although they might have an 

impact on C. albicans virulence. This adds to previous reports showing that 

ambiguous translation of the CUG codon had an impact on the activity of C. 

albicans proteins (Rocha et al. 2001, Zhou et al. 2013), but the exact mechanism 

underlying the variation in autophosphorylation activity of Cek1 serine and leucine 

variants is still undetermined. 

S. cerevisiae Fus3 is activated through a canonical mechanism by the 

upstream kinases but it was shown to be autophosphorylated during expression in 

E. coli, and the presence of the scaffold protein Ste5 induces Fus3 

autophosphorylation on the tyrosine residue of the activation loop (mono-

phosphorylated Fus3) (Bhattacharyya et al. 2006). The comparison of the 

unphosphorylated and mono-phosphorylated structures of MAPK Fus3 reveals no 

major structural differences apart from a more flexible loop in the mono-

phosphorylated state, which facilitates the access of substrates to the active site. In 

the unphosphorylated Fus3, the activation loop is folded into the catalytic cleft, 

blocking the binding of ATP and substrate peptides (Bhattacharyya et al. 2006, 

Good et al. 2009). The data here presented showed that Cek1 autophosphorylation 

activity was higher when a serine was inserted at the CUG site. Furthermore, current 

experimental evidence suggests that autophosphorylation occurs in cis. This serine 

at the CUG site is structurally equivalent to the serine that in Fus3 binds a water 

molecule within the coordination sphere of the active site magnesium ion, that 

stabilizes the bound nucleotide. In C. albicans Cek1, the presence of the serine at 

the CUG site might position the nucleotide and the tyrosine in the activation loop in 

a conformation to serve as an intramolecular phosphoacceptor. A similar cis-

autophosphorylation intramolecular reaction has been demonstrated for Fus3 MAPK 
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in the presence of the Ste5, which induce the Fus3 autophosphorylation of Tyr182 

of the activation loop, increasing Fus3 kinase activity (Bhattacharyya et al. 2006). 

 

5.1.2 Cek1 in the context of the MAPK signaling cascade 

Structural differences between the scafoold protein Ste5 from S. cerevisiae 

and Cst5 from C. albicans, such as the disappearance of the vWA domain from 

Cst5, suggest distinct regulatory mechanism in C. albicans Cek1 signaling pathway 

(Cote et al. 2011). Indeed, the Ste5 vWA domain binds tightly to the MAPKK Ste7 

and weakly to the MAPK Fus3 (Good et al. 2009). Additionally, Ste7 also interacts 

with Fus3, trough docking interaction motifs well conserved in C. albicans Hst7 

(Remenyi et al. 2005, Bhattacharyya et al. 2006, Good et al. 2009). This interaction 

promotes tethering of Ste5-Fus3, inducing allosteric Fus3 phosphorylation by Ste7 

(Bhattacharyya et al. 2006). Together, these observations and the lack of vWA 

domain in C. albicans Cst5, indicate an alternative mechanism for MAPK Cek1 

phosphorylation/activation and for the overall regulation of the Cek1-mediated 

pathway. 

Although some studies have identified protein interaction networks in C. 

albicans, the alternative CUG codon usage in this human pathogen presents 

significant technical challenges. The classic yeast-two-hybrid (Y2H) assay in S. 

cerevisiae, identified the interactions between the scaffold protein Cst5 with the 

MAP kinase module, Ste11, Hst7 and Cek1 (Stynen et al. 2010, Cote et al. 2011). 

Moreover, an adapted yeast two-hybrid system in C. albicans (C2H) enabled the 

identification of the Cek1 interaction with upstream kinase Hst7, which was not 

observed by Y2H assay in S. cerevisiae. Since all the proteins, except Ste11, forming 

the central protein-protein interaction (PPI) network of this cascade have CUG 

residues, we speculate that CUG residue identity could rewire protein interactions in 

this signal transduction pathway. 

We aimed to study the interaction between Cek1 and the other components 

of this multi-enzymatic cascade: the upstream MAPKK Hst7 and the scaffold protein 

Cst5, which also contain CUG residues (Hst7 – 4 CUGs and Cst5 – 3 CUGs). The 

results revealed that ΔN-Cek1_Ser variant interacted with the scaffold protein Cst5 

(Cst5_ΔN184), lacking the N-terminal RING domain. Interestingly, the Cst5_ΔN184 

construct contains a region (Fus3 binding domain), with low amino acid sequence 

conservation, that in S. cerevisiae Ste5 binds to Fus3 and stimulates its 

autophosphorylation on Tyr182 (Bhattacharyya et al. 2006). This Ste5-Fus3 binding 
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domain does not play a significant role in the cascade activation but rather 

downregulates the signaling information by triggering a feedback phosphorylation 

of Ste5 by Fus3. Moreover, the interaction between the ΔN-Cek1_Leu and the 

Cst5_ΔN184 construct showed that the CUG-encoded residue of MAPK Cek1 impacts 

on Cst5 binding. These results established the framework for future research 

aiming to delineate the interaction sites between Cek1, Ste7 and Cst5 and to 

understand the modulatory role of CUG residues identity on these PPIs. 

 

5.1.3 Cek1 N-terminal tail 

The N-terminal tail of the MAPK Cek1 (full-length Cek1) is enriched in amino 

acids repeats, including glutamine, alanine and a combined glutamine/alanine 

containing segments. These low complexity regions, i.e. regions containing little 

diversity in their amino acid composition, are generally devoid of regular three-

dimensional structure, playing crucial roles in the kinase activity and in regulation 

of protein interaction networks (Schaefer et al. 2012). Some of the fungal regulatory 

proteins kinases involved in morphogenetic signaling networks that modulate 

transcription and PPIs are enriched in amino acid repeats, which enable yeast 

adaptation and survival to diverse environmental conditions (Chavali et al. 2017). In 

C. albicans, 30% of the proteins contain homorepeats, and polyglutamine repeats 

represent the most prevalent homorepeats (Dr. Chavali, personal communication). 

Although proteins containing amino acid repeats have been studied and 

characterized intensively in the context of protein aggregation in 

neurodegenerative diseases (Zoghbi et al. 2000), research about the functional role 

of homorepeats is currently in exponential growth (Chavali et al. 2017, Totzeck et 

al. 2017, Mier et al. 2018). To explore the functional role of this N-terminal tail, 

with the characteristics of an intrinsically disordered region, on the structure and 

function of the MAPK Cek1, full-length Cek1 was produced for biochemical and 

biophysical studies. We postulated that the N-terminal tail of the Cek1 protein could 

modulate its activity and ultimately the signal transduction across the Cek1 

signaling cascade. 

Interestingly, our results demonstrated that the N-terminal tail of Cek1 MAPK 

positively impacts the thermal stability and autophosphorylation activity of both the 

serine and leucine variants of the full-length protein. This observation implies a role 

of this N-terminal flexible tail on Cek1 function with potential impact in signal 

transduction. The mechanism by which the N-terminal low complexity region could 
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enhance Cek1 activity and stability remains to be disclosed. The present results 

showed that the N-terminal tail of Cek1 potentiates autophosphorylation of Tyr233, 

and partially compensates for the deleterious effects resulting from the 

incorporation of the leucine residue on the enzymatic activity of Cek1. Hence, these 

results provide the first insights about the interplay between the CUG codon 

ambiguity and the flexible N-terminal tail, which are worth further investigation. 

The in vitro structural and functional studies should be complemented by 

assays in C. albicans cells. The host lab has prepared several engineered C. albicans 

strains expressing serine and leucine variants of both full-length Cek1 and ΔN-

Cek1. The preliminary results indicate that no significant differences are observed 

in the viability and growth rates of the different C. albicans strains over-expressing 

those Cek1 variants. However, expression of the C. albicans Cek1 leucine variants 

enhances their susceptibility to the cell wall disturbing agent calcofluor white. 

Interestingly, C. albicans strains expressing the leucine variants show a decrease in 

the total abundance of Cek1 protein, as detected by western blot with our Cek1-

specific antibody, in agreement with the decreased stability observed with the 

recombinant leucine variant. 

 

5.1.4 Concluding remarks 

Additional studies will be necessary to obtain an integrated view of the role 

of CUG-residues in C. albicans virulence. Complementary assays with C. albicans 

strains will have to be performed to analyze C. albicans phenotype and 

morphological transitions together with host cell recognition and cell wall 

components in response and adaption to changing environments during infection. 

Furthermore, the in vitro reconstitution of the Cek1 MAPK signaling will be a useful 

approach to tackle the role of CUG ambiguity in cell signaling associated with C. 

albicans pathogenesis. First, a complete characterization of the recombinant 

proteins MAPKK Hst7 and the scaffold Cst5 constructs should be done. A combined 

analysis of the Cek1 enzymatic activity and PPIs between with its molecular partners 

should constitute the next step to address the correlation between macromolecular 

complex assembly and Cek1 phosphorylation. Structural studies, combining circular 

dichroism analysis, small angle X-ray scattering and protein crystallization of 

isolated proteins and Cek1 complexes with Cst5 and Hst7, should provide key 

information about the structural flexibility and conformational changes requires for 

MAPK complex assembly. 
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In conclusion, this work supports our initial hypothesis that CUG ambiguity 

impacts in the activity and function of C. albicans Cek1. Understanding the 

structure-function relationship of these pivotal proteins provides a overview of the 

functional impact of CUG residue identity in the fungal pathogen C. albicans and 

could guide the design of new and more efficient antifungal agents against C. 

albicans infections. 
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A B S T R A C T

The human fungal pathogen Candida albicans ambiguously decodes the universal leucine CUG codon pre-
dominantly as serine but also as leucine. C. albicans has a high capacity to survive and proliferate in adverse
environments but the rate of leucine incorporation fluctuates in response to different stress conditions. C. al-
bicans is adapted to tolerate this ambiguous translation through a mechanism that combines drastic decrease in
CUG usage and reduction of CUG-encoded residues in conserved positions in the protein sequences. However, in
a few proteins, the residues encoded by CUG codons are found in strictly conserved positions, suggesting that
this genetic code alteration might have a functional impact. One such example is Cek1, a central signaling
protein kinase that contains a single CUG-encoded residue at a conserved position, whose identity might regulate
the correct flow of information across the MAPK cascade. Here we show that insertion of a leucine at the CUG-
encoded position decreases the stability of Cek1, apparently without major structural alterations. In contrast,
incorporation of a serine residue at the CUG position induces the autophosphorylation of the conserved tyrosine
residue of the Cek1 231TEY233 motif, and increases its intrinsic kinase activity in vitro. These findings show that
CUG ambiguity modulates the activity of Cek1, a key kinase directly linked to morphogenesis and virulence in C.
albicans.

1. Introduction

Over the years it has been repeatedly demonstrated that the genetic
code is not immutable and the presence of non-standard translation in
evolutionarily distant organisms was frequently observed [1]. Varia-
tions in codon assignment, including several sense-to-sense codon al-
terations, have been identified in numerous mitochondrial genomes
[2], which are smaller than nuclear genomes and where genetic code
changes are less likely to be harmful [3]. Alterations in the canonical
genetic code involving nonsense-to-sense codon modifications, such as
the reassignment of standard termination codons to different amino
acids occurred frequently in mitochondrial genomes [3], possibly
through a mechanism preceded by codon-anticodon mismatches and
dual function of stop codons [4]. Reassignment of termination codons
to glutamine, cysteine or tryptophan also occurs in nuclear genomes

[3], and recent studies showed that in some ciliates termination codons
can be ambiguously recognized as either sense or stops in a context-
dependent manner [5]. Furthermore, ambiguous meaning of translation
stop codons are at the basis of natural expansion of the genetic code,
which occurs by insertion of non-canonical amino acids such as sele-
nocysteine at UGA sites in prokaryotes and eukaryotes, and pyrrolysine
at UAG codons in Methanosarcinaceae methyltransferase coding genes
[6]. The reassignment of the “universal” leucine CUG codon to serine or
alanine is the only known case of alteration of sense codon meaning in
nuclear genomes and has been demonstrated in different yeast species
with biotechnological or biomedical relevance. The first evidence for
the change in the meaning of the CUG codon was shown in yeast species
belonging to the CTG-clade that comprise the most pathogenic Candida
species, including C. albicans [7]. The yeast Pachysolen tannophilus
translates CUG codons as alanine instead of the canonical leucine, with
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implications in biotechnological applications [8]. Some yeasts am-
biguously decode the CUG codon as leucine and serine through dif-
ferent mechanisms, an intriguing feature considering that accuracy
during translation of the genetic code is critical to ensure adequate cell
function and mistranslation can negatively impact cell survival [9,10].
However, recent data show that cells are relatively tolerant to errors in
protein translation, and that increased mistranslation (e.g., under stress
conditions) enhances microbial fitness and modulates host-microbe
interactions [11].

C. albicans translates the CUG codon predominantly as serine (97%)
with only a small percentage (3%) being translated as leucine [12,13].
In response to environmental and stress conditions, such as low pH or
during oxidative stress, the incorporation of leucine increases up to 5%
[14]. The levels of leucine insertion at CUG codons can be artificially
increased in engineered C. albicans strains to between 28% and 98%,
resulting in colonies with high morphological diversity, enhanced ex-
pression of genes involved in cell adhesion, as well as increased re-
sistance to antifungal agents, oxidative stress and decreased suscept-
ibility to phagocytosis by macrophages [13,15,16]. Those results
suggested that proteome expansion resulting from ambiguous CUG
translation might result in phenotypic diversity, increase fitness and
modulate host-pathogen interactions. Interestingly, increased in-
corporation of leucine at CUG codons up to 28% did not result in sig-
nificant changes in growth rates [13,14], demonstrating the high tol-
erance of C. albicans to CUG ambiguity. Indeed, in C. albicans and other
CTG-clade species the distribution of residues encoded by CUG codons
is prevalent in non-conserved and partially exposed regions at the
protein surface, where both leucine and serine can be incorporated
without major impact on protein structure or function [17]. However,
in a few proteins, the residues encoded by CUG codons are located in
functionally relevant positions, where a serine or other polar amino
acids are generally conserved in homologous proteins. In contrast, in
Ascoideia asiatica the CUG codon is translated either as leucine or serine
at approximately equal proportions in a stochastic manner, and CUG-
encoded residues in key structural and functional sites are strictly
avoided [18].

Some studies have demonstrated that CUG ambiguity impacts the
activity and regulation of C. albicans proteins with no major changes on
the global protein structure. Examples are C. albicans eukaryotic
translation initiation factor 4E that contains a CUG-encoded residue
located at the protein surface [19], and the seryl- and leucyl-tRNA
synthetases that contain a single CUG-encoded residue each at highly
conserved amino acid sequence positions [17,20,21]. Previous analysis
of the impact of CUG ambiguous translation in the C. albicans proteome
revealed that CUG codons are over-represented on key signaling path-
ways, such as the Mitogen Activated Protein Kinase (MAPK) pathway,
that respond to various external cues and mediate the regulation of
morphogenesis and virulence [17]. In particular, Cek1, a key MAPK,
contains one CUG-encoded residue in the nucleotide binding pocket, in
a position where a serine is strictly conserved in homologous proteins
and ambiguity is predicted to have functional impact [17,22]. Cek1 is
activated by sequential phosphorylation by upstream MAPK cascade
activators (Cst20-Ste11-Ste7) in response to extracellular stimuli,
leading to the phosphorylation of the transcription factor Cph1 [23].
This kinase is involved in distinct essential mechanisms of C. albicans:
invasive hyphal growth [24–26], biofilm formation [27], cell wall in-
tegrity, host recognition [28,29], and response to oxidative and osmotic
stress [30], and therefore it is a key target to explore CUG ambiguity-
mediated morphological changes.

To assess the impact of CUG ambiguity on Cek1 kinase, two re-
combinant variants of the active domain of Cek1, having a serine or a
leucine residue at the CUG-encoded position (Cek1_Ser or Cek1_Leu)
were expressed and purified for structural and functional studies.
Biochemical and biophysical data show that although the incorporation
of leucine at this position does not induce Cek1 unfolding, it reduces the
protein's thermal stability and decreases its enzymatic activity. In

addition, we show for the first time that only the Cek1_Ser variant from
C. albicans is autophosphorylated in vitro at the tyrosine residue of the
conserved threonine-glutamate-tyrosine (231TEY233) motif within the
kinase activation loop.

2. Materials and methods

2.1. Cloning, expression and purification of Cek1

A synthetic gene encoding full-length Candida albicans Cek1 (serine
variant for CUG codon at position 199) with codon usage optimized for
expression in Escherichia coli was obtained from a commercial supplier
(Eurofins Scientific). The active domain of Cek1 (amino acids 58–421)
was amplified by PCR and cloned into expression vector pETMBP
(EMBL dabatase) in frame with a N-terminal hexahistidine tag, the
maltose binding protein (MBP) solubility tag and a tobacco etch virus
(TEV) protease recognition site. This tagged form of the active domain
of Cek1 is herein named Cek1. The Cek1_Ser (serine variant – UCC
replacing the CUG codon) expression plasmid was used as template to
produce a plasmid expressing Cek1_Leu (leucine variant – UUA repla-
cing the CUG codon) by site-directed mutagenesis (QuikChange, Agilent
Technologies) (Table S1). To prepare the Cek1 phosphorylation-null
mutants, Thr231 and Tyr233 of the conserved 231TEY233 phosphoryla-
tion motif were mutated to valine and phenylalanine (Cek1TV, Cek1YF,
Cek1TV/YF), respectively. Furthermore, using the same strategy a
phosphomimetic mutant where Thr231 was mutated to aspartate
(Cek1TD) and the kinase-dead mutant, with Lys100 replaced by arginine
(Cek1KR) were produced (Table S1). All residue numbers refer to the
full-length amino acid sequence of C. albicans Cek1.

Cek1 variants (Cek1_Ser and Cek1_Leu) and Cek1 mutants were
overexpressed in E. coli strain BL21 Star™ (DE3) (Stratagene). Following
transformation, E. coli cells were grown in Luria-Bertani medium at
37 °C until an OD600 of 0.6–0.8. At this point, the temperature was
decreased to 20 °C and protein expression was induced with addition of
0.9 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) and allowed to
proceed overnight. Cells were harvested by centrifugation at 4 °C and
4000g for 30 min, resuspended in lysis buffer (40 mM Tris-HCl pH 7.5,
500 mM NaCl, 5% (v/v) glycerol, 5 mM 2-β-mercaptoethanol) supple-
mented with 100 μg/ml lysozyme and stored at −20 °C. Prior to lysis by
sonication (SONOPULS HD2200, Bandelin Electronic), phe-
nylmethylsulfonyl fluoride was added to the cell suspension. The crude
cell extract was clarified by centrifugation at 4 °C and 35,000g for
45 min and loaded onto a HisTrap HP column (5 ml, GE Healthcare)
pre-equilibrated in buffer A (40 mM Tris-HCl pH 7.5, 500 mM NaCl,
20 mM imidazole, 5% (v/v) glycerol, 5 mM MgCl2, 5 mM β-mercap-
toethanol). Bound proteins were eluted with buffer A supplemented
with 75 mM imidazole. Cek1-containing fractions were pooled and
further purified by size exclusion chromatography on a HiPrep 26/60
Sephacryl S-100 column (GE Healthcare) equilibrated with protein
buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 5% (v/v) glycerol, 5 mM
MgCl2, 1 mM DTT). Fractions from the preparative size exclusion
chromatography were analyzed by SDS-PAGE and those containing
pure Cek1 were pooled and concentrated on centrifugal ultrafiltration
devices (10 kDa cutoff; Merck Millipore). Final protein concentration
was estimated by measuring the absorbance of the samples at 280 nm
using the theoretical extinction coefficient for each variant (Table S2)
prior to storing the samples at −80 °C. Additionally, the purity and
oligomeric state of the purified proteins were analyzed by analytical
size exclusion chromatography on a Superdex 200 10/300 GL column
(GE Healthcare) using protein buffer as mobile phase. The average
yields for the purified Cek1_Ser and Cek1_Leu variants were 5 and 1 mg
per liter of E. coli culture, respectively.

In order to remove the fusion tags (His6 and MBP tags), purified
Cek1 was digested with TEV protease overnight at 4 °C in protein
buffer. The buffer of the sample was then exchanged to 20 mM Tris-HCl
pH 7.5, 300 mM NaCl, 5% (v/v) glycerol using a HiPrep 26/10 desalting
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column (GE Healthcare), prior to a second immobilized metal affinity
chromatography step using a HisTrap HP column equilibrated with
buffer A. Untagged Cek1 present in the HisTrap column flow through
was further purified on a Superdex 75 10/300 GL column equilibrated
with protein buffer and eluted protein fractions containing pure Cek1,
as assessed by SDS-PAGE, were pooled, concentrated and stored at
−80 °C until used.

2.2. Dynamic light scattering

Molecular size measurements were carried out in a Zetasizer Nano
ZS DLS system (Malvern Instruments) using a DTS 2112 cuvette. Cek1
solution was diluted in protein buffer to 1 mg/ml and three in-
dependent measurements were made for each sample at 20 °C. The
intensity size distribution obtained by dynamic light scattering is a plot
of relative intensity of light scattered by particles in different size
classes. However, when there is more than one peak in this plot, the
intensity size distribution must be converted to a volume size dis-
tribution for a more realistic view of the data [31], as was the case for
Cek1 protein samples. All data were analyzed using dynamic light
scattering (nano) software (Malvern Instruments) to determine the
polydispersity (Pd) (relative standard deviation) and the mean hydro-
dynamic radius (RH) values from the volume distributions, used to es-
timate the molecular weight (assuming a globular protein) from a built-
in empirical calibration graph.

2.3. Circular dichroism

The overall secondary structure of Cek1 variants (Cek1_Ser and
Cek1_Leu) and of selected mutants was assessed by far-UV circular di-
chroism using a J815 circular dichroism spectrometer (JASCO).
Measurements of samples at 0.1 mg/ml were performed at 20 °C with
1 nm bandwidth, 1 s response, 100 nm/min scanning speed and 6 ac-
cumulations. The circular dichroism spectra (190–260 nm) were ana-
lyzed using the JASCO software (JASCO) to determine the secondary
structure content of the samples.

2.4. Differential scanning fluorimetry

The thermal stability of the Cek1 variants (0.3 mg/ml) was de-
termined by following SYPRO Orange (Invitrogen) fluorescence using
an iCycler iQ5 Multicolor Real-Time PCR Detection System (Bio-Rad).
The melting curves (excitation/emission, 470 nm/570 nm) were ob-
tained by increasing the temperature from 25 to 85 °C in 0.5 °C steps
with 30 s hold time. Data were analyzed with CFX Manager software
(Bio-Rad), which calculates the melting temperature (Tm) from the
inflection point of the melting curve. The thermal denaturation assay
was performed in triplicate for each protein and data represent the
average of three independent experiments with standard error. A sta-
tistical analysis was performed using one-way ANOVA (Tukey multi-
comparison test) p < 0.05 with Prism7 (GraphPad Software).

2.5. Cek1 phosphorylation in vitro

The immunoblot analysis of Cek1 proteins was performed using
polyclonal anti-Cek1 serum produced in-house by immunizing rabbits
with the untagged active domain of Cek1. Purified proteins were se-
parated on 12% (w/v) polyacrylamide SDS-PAGE gels and electro-
transferred onto nitrocellulose membranes. The membranes were
blocked with 5% (w/v) BSA in TBS-Tween (25 mM Tris-HCl pH 7.5,
150 mM NaCl, 0.1% (v/v) Tween 20) for 1 h at room temperature (RT),
incubated overnight at 4 °C with rabbit anti-Cek1 serum (1:5000), fol-
lowed by an incubation with anti-rabbit IgG HRP-conjugated antibody

(1:10000) for 1 h at RT. Cek1 samples were detected with ECL Plus
reagent (GE Healthcare).

The phosphorylation state of recombinant Cek1 proteins was eval-
uated by immunoblot analysis using a phospho-specific antibody. After
blocking, membranes were incubated with rabbit anti-phospho p44/42
MAPK antibody (1:2000, Cell Signaling Technology) overnight at 4 °C,
and then with anti-rabbit IgG HRP-conjugated antibody (1:10000) for
1 h at RT. Phosphorylated samples were detected with ECL Plus re-
agent.

Cek1 autophosphorylation activity was probed by mixing Cek1_Ser
or the phosphomimetic mutant Cek1TD_Ser with the untagged cataly-
tically inactive mutant (untagged Cek1KR_Ser, used as substrate, 2:1 M
ratio). The reaction at RT was initiated by addition of 1 mM ATP and
the phosphorylation status of the catalytically inactive mutant at dif-
ferent time points was evaluated by immunoblot with rabbit anti-
phospho p44/42 MAPK antibody and anti-Cek1 serum, as described
above.

2.6. Cek1 activity assay

The activity of purified Cek1 was monitored by measuring the
production of ADP using a chemiluminescent ADP detection assay
(ADP-Glo kit, Promega). The reactions were performed in 384-well
plates, kept in the dark, using 40 mM Tris-HCl pH 7.5, 20 mM MgCl2,
0.1 mg/ml BSA as assay buffer. The standard curves of ATP to ADP
conversion were determined using different ATP/ADP concentrations
according to the manufacturer's protocol. The reactions were started by
the addition of 1 mM ATP to 10 μM Cek1, and stopped by addition of
ADP-Glo™ Reagent after 1 h incubation. Measurements were performed
using an endpoint luminescence protocol in a Synergy 2 plate reader
(BioTek).

3. Results

3.1. The C. albicans Cek1_Ser variant is more stable than Cek1_Leu

In order to evaluate the structural impact of serine or leucine in-
sertion at the CUG-encoded position of Cek1 (Fig. 1a), a thorough
biophysical characterization was performed. Analytical size exclusion
chromatography showed no differences on the elution profile of the two
Cek1 variants, with elution volumes compatible with monomeric pro-
teins (85 kDa; Fig. 1b). In accordance, dynamic light scattering mea-
surements indicated that both Cek1 variants were monodisperse, with
hydrodynamic radii consistent with a monomeric organization
(Fig. 1c). Additionally, the presence of leucine or serine at the CUG-
encoded position had no major impact on the fold of the Cek1 kinase,
since no major structural differences were observed by circular di-
chroism spectroscopy (Fig. 1d). Indeed, the circular dichroism spectra
revealed no significant differences in secondary structure content be-
tween the two forms (Cek1_Ser: 32% α-helix, 43% β-sheet, 1.6% β-turn;
Cek1_Leu: 34% α-helix, 41% β-sheet, 1.6% β-turn), indicating a pre-
servation of the overall structure. Interestingly, the incorporation of
serine at the CUG-encoded position lead to an increase (+3 °C) in the
Tm of Cek1, as determined by differential scanning fluorimetry
(Fig. 1e).

The stability of the two Cek1 variants was unaltered by the addition
of nucleotides, since their Tm remained unchanged upon incubation
with ATP (Table S3). Altogether, these results indicate that the presence
of a leucine residue at the single CUG-encoded position did not induce
protein misfolding but significantly reduced the thermal stability of
Cek1, which was not due to differences in the phosphorylation states of
the two variants, as shown below.
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3.2. Autophosphorylation at the conserved 231TEY233 motif of Cek1
requires a serine at the CUG-encoded position

MAP kinases, including the Saccharomyces cerevisiaeMAPK Fus3, are
often found to be autophosphorylated when expressed in E. coli [32].

The phosphorylation status of recombinant Cek1 variants was assessed
using anti-phospho p44/42, a specific antibody that recognizes the
phosphorylation of both threonine (Thr231) and tyrosine (Tyr233) re-
sidues of the 231TEY233 motif [33]. Immunoblot analysis of both Cek1
variants with anti-phospho p44/42 revealed that only recombinant

Fig. 1. Biophysical characterization of Candida albicans Cek1 variants. (a) Amino acid sequence alignment of C. albicans Cek1 and of S. cerevisiae orthologue Fus3. The
secondary structure elements of S. cerevisiae Fus3 (PDB accession code 2B9F) are represented below the corresponding amino acid sequence (red cylinders, α-helices;
pink cylinders, 310 helices; yellow arrows, β-sheets). Important residues are marked: CUG-encoded residue (Ser199; blue triangle), catalytic residue (Lys100; black
circle) and 231TEY233 motif (black box). Detailed view of the ATP-binding pocket of S. cerevisiae Fus3: Ser141 (shown as sticks) of Fus3 is structurally equivalent to
the C. albicans CUG-emcoded residue 199. Hydrogen bonds are represented as dashed lines. The magnesium ion is represented as a pink sphere and blue spheres
represent ordered water molecules. (b) Size exclusion chromatography of Cek1_Ser (solid line) and Cek1_Leu (dashed line). Both variants elute as monomers
(85 kDa). Downward triangles indicate the elution volume of protein standards: 1 - Aldolase (158 kDa), 2 – Conalbumin (75 kDa) and 3 – Ovalbumin (43 kDa). (c) The
two Cek1 variants are monodisperse (Pd = 26.8% Cek1_Ser; Pd = 29.3% Cek1_Leu) and monomeric (RH Cek1_Ser = 4.05 nm; RH Cek1_Leu = 4.18 nm, in good
agreement with the estimated molecular mass of Cek1), as assessed by dynamic light scattering. (d) Far-UV circular dichroism spectra of Cek1_Ser and Cek1_Leu
revealing no significant differences in overall secondary structure. (e) Representative thermal denaturation measured by differential scanning fluorimetry for both
variants of Cek1. The normalized fluorescence intensity is plotted as a function of the temperature (°C). The temperature at the inflection point of the unfolding
transition defines the Tm value for each protein (Tm Cek1_Ser = 43.1 ± 0.7 °C; Tm Cek1_Leu = 40.5 ± 0.3 °C).
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Cek1_Ser was autophosphorylated in vitro, and no phosphorylation was
detected in the Cek1_Leu variant using this approach (Fig. 2a). The
autophosphorylation activity of Cek1_Ser was further explored using
two single mutants (Cek1TV_Ser; Cek1YF_Ser) and a double mutant
(Cek1TV/YF_Ser) of the putative phosphorylation sites (Thr231 mutated
to valine and Tyr233 mutated to phenylalanine), as well as a kinase-
dead mutant (Cek1KR_Ser, Lys100 mutated to arginine) and the putative
phosphomimetic variant (Cek1TD_Ser, Thr231 mutated to aspartate). As
for the Cek1_Ser and Cek1_Leu variants, these specific mutations had no
effect on the fold and overall secondary structure content of the en-
zyme, as assessed by circular dichroism (Fig. S1). Mutation of Thr231 to
valine (Cek1TV_Ser) at the 231TEY233 motif had no impact on the
phosphorylation signal of Cek1_Ser (Fig. 2a). In contrast, replacement
of Tyr233 by phenylalanine (Cek1YF_Ser) completely abolished the
autophosphorylation of recombinant Cek1_Ser, indicating that Cek1_Ser
autophosphorylation occurs on Tyr233 (Fig. 2a). Therefore, when
Thr231 and Tyr233 were mutated to valine and phenylalanine (Cek1TV/

YF_Ser), respectively, recognition by anti-phospho p44/42 was also
completely abolished. As previously described, the substitution of the
catalytic lysine residue by an arginine decreased the kinase activity by
preventing transfer of the phosphate group from the nucleotide phos-
phate to the acceptor protein [34]. Thus, mutation of the catalytic ly-
sine to arginine (Cek1KR_Ser) abolished the autophosphorylation signal,
while the putative phosphomimetic mutant (Cek1TD_Ser) displayed an
enhanced autophosphorylation signal in the immunoblot assay, as ex-
pected (Fig. 2a). Analysis of the thermal stability of the Cek1YF_Ser and
Cek1TV/YF_Ser mutants (Table S4), which are not autophosphorylated,
showed no significant differences in the melting temperatures com-
pared to wild-type Cek1_Ser, underscoring that differences in the
melting temperatures of Cek1_Leu and Cek1_Ser do not result from
Cek1_Ser autophosphorylation.

To further confirm that Cek1_Ser was autophosphorylated on
Tyr233 of the 231TEY233 motif, as suggested by the immunoblot data,
both variants of Cek1 were analyzed by mass spectrometry. Protein
samples were analyzed as-purified and after incubation with 1 mM ATP.
Interestingly, using this approach we were not able to detect phos-
phorylated peptides in the as-purified Cek1 variants. However, upon
incubation with ATP, a peptide (SIASQEDNYGFMTEpYVATR) was
identified in the Cek1_Ser variant sample, displaying a mass compatible
with a single phosphorylation (Fig. 2b and S2a). Although the experi-
mental procedure used is not quantitative, the measured signal for the
phosphorylated peptide was approximately 20-fold lower than for the
non-phosphorylated peptide (Fig. 2b and S2a). This result further sup-
ported the immunoblot data for the Cek1_Ser mutants, suggesting that
the autophosphorylation of Cek1_Ser occurred at Tyr233. In agreement
with the immunoblot results, no phosphorylated peptide could be de-
tected by mass spectrometry on the Cek1_Leu variant sample (Fig. S2b),
suggesting that a leucine residue at the CUG-encoded position had a
negative impact on the autophosphorylation activity of Cek1. In sum-
mary, recombinant Cek1_Ser expressed in E. coli was readily autopho-
sphorylated at Tyr233 of the 231TEY233 motif, suggesting that the pre-
sence of a serine at the CUG-encoded position was required for protein
autophosphorylation and may be crucial for regulating the kinase ac-
tivity.

3.3. Codon decoding ambiguity affects Cek1 protein activity

In contrast to Cek1_Leu, Cek1_Ser is autophosphorylated in vitro. To
investigate the influence of phosphorylation on the enzymatic activity
of Cek1 and unveil the role of CUG ambiguity on its function, the cat-
alytic activity of Cek1 variants was measured. Using a luminescent
ADP-detection assay, Cek1_Ser displayed a 10-fold higher activity than

Fig. 2. Cek1_Ser is autophosphorylated at Tyr233 and displays higher catalytic activity than Cek1_Leu. (a) Immunoblot analysis of Cek1_Leu, Cek1_Ser and Cek1_Ser
mutants (Cek1TV_Ser, Cek1YF_Ser, Cek1TV/TF_Ser, Cek1KR_Ser, Cek1TD_Ser) probed with rabbit anti-Cek serum (upper panel) and rabbit anti-phospho p44/42 (bottom
panel). Autophosphorylation was detected in Cek1_Ser and Cek1TV_Ser, indicating that autophosphorylation occurs on Tyr233. (b) Schematic representation of
phosphorylation results of Cek1 variants obtained by immunoblot analysis combined with mass spectrometry: phosphorylation was not detected in Cek1_Leu, while
in Cek1_Ser a phosphorylated peptide was identified, indicating that autophosphorylation occurred on Tyr233. (c) Activity assay by quantification of ADP release of
Cek1 variants, inactive (Cek1KR_Ser, negative control) and phosphomimetic (Cek1TD_Ser, positive control) mutants. Cek1_Ser released significantly more ADP
compared to Cek1_Leu, while Cek1TD_Ser was the most active. Data are the average of three determinations and error bars represent standard deviation. Statistics
were analyzed using one-way ANOVA (Tukey multicomparison test, p > .05 non-significant (ns), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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Cek1_Leu (Fig. 2c). As expected, the CekKR_Ser mutant displayed no
catalytic activity, while the activity of mutant Cek1TD_Ser was sig-
nificantly increased (~2-fold; Fig. 2c). Considering that the CUG-en-
coded residue is located in the ATP binding pocket, we reasoned that
the differences in the autophosphorylation activity observed for the two
Cek1 variants could result from dissimilarities in ATP binding affinity.
With this aim, we used TNP-ATP, a fluorescent ATP analog that binds to
the ATP binding pocket of protein kinases [35], to assess the affinity of
both variants to the nucleotide. This assay showed that TNP-ATP bound
similarly to both Cek1 variants (5.7 μM for Cek1_Ser and 8 μM for
Cek1_Leu) (Fig. S3) and that differences in enzyme activity did not seem
to be correlated with alterations in ATP binding affinity. However, the
fluorophore bound to the nucleotide might mask small differences in
ATP binding. Overall, these results demonstrated that Cek1_Ser had
intrinsic autophosphorylation activity and was more active than
Cek1_Leu in vitro. Indeed, the Cek1TD_Ser mutant, mimicking the
phosphorylation of the 231TEY233 motif threonine, in the activation
loop, displayed significantly enhanced catalytic activity.

3.4. Autophosphorylation of Cek1 does not occur in trans

In order to explore if the autophosphorylation of Cek1_Ser occurred
through a cis- (intramolecular) or trans-autophosphorylation (inter-
molecular) mechanism [36], the inactive kinase-dead mutant
(Cek1KR_Ser) was used as substrate of Cek1_Ser or of its phosphomi-
metic mutant, Cek1TD_Ser. Although both Cek1_Ser (Fig. 3a) and
Cek1TD_Ser (Fig. 3b) were autophosphorylated, neither was able to
phosphorylate the substrate, suggesting that Cek1 kinase is unable to
phosphorylate its inactive form, supporting the cis-autophosphorylation
mechanism.

4. Discussion

C. albicans is a human commensal that, under specific conditions, is
able to cause disease that ranges from superficial mucosal to life-
threatening systemic infections [37]. This opportunistic human pa-
thogen has the remarkable ability to quickly adapt to varied host niches
and threats elicited by host immune defenses. Hence, in response to
multiple stress factors and/or damage induced by antifungal drugs, the
activation of highly coordinated signaling pathways generates the di-
versity required for survival and virulence [38]. Interestingly, many of

the enzymes involved in signal transduction cascades in C. albicans are
encoded by genes that contain CTG codons, stochastically translated
into serine (97%) and leucine (3%) residues often located in highly
conserved sites [17,22]. One of these enzymes is the MAPK Cek1 (with
one CUG-encoded residue) that is central for C. albicans morphogenesis,
cell wall biosynthesis and host interaction [28,29]. Accordingly, we
hypothesized that the fluctuations in serine/leucine incorporation le-
vels induced by different stress conditions might impact the function of
Cek1 with downstream consequences on C. albicans virulence traits. To
assess the role of the identity of the CUG-encoded residue in Cek1
function, we characterized the structural and functional features of the
Cek1_Ser and Cek1_Leu variants of the kinase active domain. Cek1
displays high amino acid sequence identity (63%) with the structurally
characterized Fus3 [22,39], the MAPK that mediates the mating pher-
omone response in S. cerevisiae. The unique conserved CUG-encoded
residue in the nucleotide binding pocket of Cek1 (Ser199) is structurally
equivalent to a serine residue in Fus3 that stabilizes a water molecule
from the coordination sphere of the magnesium ion that interacts with
the phosphate moiety of the nucleotide (Fig. 1a) [17,22]. Consequently,
the presence of a leucine residue at this position is expected to interfere
with the nucleotide binding and/or phosphate transfer activity of Cek1.
Our results showed that although the ambiguity at the CUG-encoded
position does not affect the overall secondary structure of Cek1, in-
corporation of leucine at position 199 decreases considerably the
thermal stability of the kinase. This difference likely results from the
expected loss of one or two hydrogen bonds upon replacement of the
polar serine residue by the hydrophobic leucine [40,41]. Although the
CUG-encoded residue faces the ATP binding pocket, binding to TNP-
ATP did not seem to be altered by the identity of the amino acid at
position 199.

Autophosphorylation is a widespread feature among protein kinases
and is also observed in Fus3 [32], a protein that is only fully activated
via a kinase cascade that results in dual phosphorylation on the tyrosine
and threonine residues of the activation loop TEY motif [42]. Inter-
estingly, following expression in E. coli, only Cek1_Ser is recognized by
the anti-phospho p44/42 antibody. Our results showed that Cek1_Ser
autophosphorylation occurs on the conserved Tyr233 of the 231TEY233

motif within the activation loop. In agreement, in vitro activity assays
showed that the catalytic activity of Cek1_Ser is significantly higher
than that of Cek1_Leu. Although our mass spectrometry data suggested
the occurrence of autophosphorylation on Tyr233 upon incubation with

Fig. 3. The autophosporylation of Cek1 is an intramolecular event. Transphosphorylation assay of the inactive mutant of Cek1_Ser (untagged Cek1KR_Ser, substrate,
42 kDa) by (a) Cek1_Ser variant (85 kDa) and (b) Cek1TD_Ser phosphomimetic mutant (85 kDa), probed with rabbit anti-Cek serum (upper panel) and rabbit anti-
phospho p44/42 (bottom panel). Phosphorylation of untagged Cek1KR_Ser was not observed in the reaction, only the autophosphorylation of the two enzymes was
detected.

J.S. Fraga, et al. BBA - Proteins and Proteomics 1867 (2019) 654–661

659



ATP, we cannot exclude the possibility that the in vitro kinase activity
assays, based on the quantification of ADP release, report on the com-
bined effects of Cek1 autophosphorylation and intrinsic ATPase ac-
tivity, as previously described for some protein kinases [43,44]. Fur-
ther, our autophosphorylation results using the kinase dead mutant
CekKR_Ser as substrate, suggested that Cek1 autophosphorylation did
not occur via a trans-autophosphorylation mechanism, and likely in-
volves an intramolecular reaction as proposed for S. cerevisiae Fus3
[32]. In yeast MAPKs, enzyme activation requires an order-to-disorder
transition, meaning that in the inactive state part of the activation loop,
including the phosporylatable tyrosine, is positioned at the substrate
binding pocket and obstructs access of substrate peptides to the active
site [32,39] [45],. Therefore, kinase activity is inhibited via a pseudo-
substrate mechanism, prior to full activation by the upstream kinase,
which phosphorylates both residues in the TEY motif resulting in its
displacement from the catalytic site. In the resting state, positioning of
the tyrosine side chain close to the kinase catalytic cleft, highly con-
served in C. albicans Cek1, may explain the identification of a small
subpopulation of monophosphorylated protein in recombinant Cek1.
Therefore, in our Cek1 samples the enzyme catalytic site might be
predominantly inaccessible to substrate peptides or proteins, explaining
the inability of Cek1_Ser or Cek1TD_Ser to phosphorylate the generic
substrate myelin basic protein [32] and the synthetic Cph1 peptide [23]
(data not shown).

Although our current data do not allow to infer the precise autop-
hosphorylation mechanism of Cek1 and why this activity is compro-
mised in the Cek1_Leu variant, we can speculate that the presence of a
leucine at the CUG-encoded position impacts negatively the phosphoryl
transfer activity of Cek1 either by directly diminishing the catalytic
activity or by modifying the dynamics of the activation loop and
therefore altering the residence time of the phosphoryl-accepting tyr-
osine at the kinase catalytic site. Cek1 forms part of a highly regulated
multienzyme assembly, whose activation is triggered in response to
different external signals [46]. In S. cerevisiae, the scaffold protein Ste5
enhances Fus3 autophosphorylation on the tyrosine residue of the TEY
motif [32] and, together with the phosphatase Msg5, maintains the
monophosphorylated form of Fus3, which has an inhibitory role on the
signaling pathway [33]. Interestingly, the allosteric Fus3 autopho-
sphorylation mechanism mediated by bipartite binding of the scaffold
protein Ste5 is likely not conserved in Cek1, since this region is struc-
turally distinct in Cst5, the C. albicansMAPK scaffold protein [46]. In C.
albicans, CUG translational ambiguity might play a role in rewiring the
collective behavior of these macromolecular assemblies with con-
sequences for the flow of information across these signaling cascades.

5. Conclusion

In this study, we evaluate the effect of CUG translational ambiguity
on the MAP kinase Cek1, a key protein of the signaling pathway related
to morphogenesis and virulence in C. albicans. Biochemical and bio-
physical data revealed that Cek1_Ser variant induces an increase on the
protein thermal stability compared to leucine variant, without any
changes on the overall secondary structure. Moreover, only the
Cek1_Ser variant was autophosphorylated in vitro at the tyrosine residue
of the 231TEY233 motif of the activation loop. Accordingly, incorpora-
tion of a serine residue at the CUG position seems to induce a more
active protein with possible implications on the Cek1 function. Further
studies will be required to understand the molecular details of CUG
codon ambiguous translation in the context of the Cek1 full-length
protein and for C. albicans host recognition and pathogenicity.

CRediT author statement

Joana S. Fraga: methodology, formal analysis, investigation,
writing - original draft preparation. Zsuzsa Sarkany: conceptualiza-
tion, methodology, writing- reviewing and editing. Alexandra Silva:

formal analysis, writing- reviewing and editing. Inês Correia: formal
analysis, writing- reviewing and editing. Pedro José Barbosa Pereira:
validation, resources, writing- reviewing and editing. Sandra Macedo-
Ribeiro: conceptualization, validation, resources, supervision, writing -
original draft, reviewing and editing, funding acquisition.

Acknowledgements

We thank Hugo Osório for performing mass spectrometry mea-
surements at the i3S Proteomics Scientific Platform (part of the
Portuguese Mass Spectrometry Network, integrated in the National
Roadmap of Research Infrastructures of Strategic Relevance
(ROTEIRO/0028/2013; LISBOA-01-0145-FEDER-022125)). We ac-
knowledge the Biochemical and Biophysical Technologies Scientific
Platform of i3S for support with biophysical characterization.

Funding

This work was funded by (i) FEDER-Fundo Europeu de
Desenvolvimento Regional funds through the COMPETE 2020-
Operational Programme for Competitiveness and Internationalisation
(POCI), Portugal 2020, and by Portuguese funds through FCT/MCTES-
Fundação para a Ciência e a Tecnologia/Ministério da Ciência,
Tecnologia e Ensino Superior (Portugal) in the framework of project
POCI-01-0145-FEDER-007274 (Institute for Research and Innovation in
Health Sciences), and by (ii) FEDER through Norte Portugal Regional
Operational Programme (NORTE 2020), under the PORTUGAL 2020
Partnership Agreement in the framework of Projects Norte-01-0145-
FEDER-000008 and Norte-01-0145-FEDER-000012. J.S.F. is the re-
cipient of PhD fellowship SFRH/BD/94403/2013 from FCT/MCTES.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbapap.2019.02.004.

References

[1] R.D. Knight, S.J. Freeland, L.F. Landweber, Rewiring the keyboard: evolvability of
the genetic code, Nat. Rev. Genet. 2 (2001) 49–58.

[2] R.D. Knight, L.F. Landweber, M. Yarus, How mitochondria redefine the code, J.
Mol. Evol. 53 (2001) 299–313.

[3] A.R. Bezerra, A.R. Guimaraes, M.A.S. Santos, Non-standard genetic codes define
new concepts for protein engineering, Life (Basel) 5 (2015) 1610–1628.

[4] H. Seligmann, Alignment-based and alignment-free methods converge with ex-
perimental data on amino acids coded by stop codons at split between nuclear and
mitochondrial genetic codes, Biosystems 167 (2018) 33–46.

[5] E.C. Swart, V. Serra, G. Petroni, M. Nowacki, Genetic codes with no dedicated stop
codon: context-dependent translation termination, Cell 166 (2016) 691–702.

[6] A. Ambrogelly, S. Palioura, D. Söll, Natural expansion of the genetic code, Nat.
Chem. Biol. 3 (2007) 29–35.

[7] M.A.S. Santos, G. Keith, M.F. Tuite, Non-standard translational events in Candida
albicans mediated by an unusual seryl-tRNA with a 5′-CAG-3′ (leucine) anticodon,
EMBO J. 12 (1993) 607–616.

[8] S. Muhlhausen, P. Findeisen, U. Plessmann, H. Urlaub, M. Kollmar, A novel nuclear
genetic code alteration in yeasts and the evolution of codon reassignment in eu-
karyotes, Genome Res. 26 (2016) 945–955.

[9] M. Santos, P.M. Pereira, A.S. Varanda, J. Carvalho, M. Azevedo, D.D. Mateus,
N. Mendes, P. Oliveira, F. Trindade, M.T. Pinto, R. Bordeira-Carrico, F. Carneiro,
R. Vitorino, C. Oliveira, M.A.S. Santos, Codon misreading tRNAs promote tumor
growth in mice, RNA Biol. 15 (2018) 773–786.

[10] M. Kapur, S.L. Ackerman, mRNA translation gone awry: translation fidelity and
neurological disease, Trends Genet. 34 (2018) 218–231.

[11] C.R. Evans, Y. Fan, K. Weiss, J. Ling, Errors during gene expression: single-cell
heterogeneity, stress resistance, and microbe-host interactions, mBio 9 (2018)
(e01018–01018).

[12] M.A.S. Santos, M.F. Tuite, The CUG codon is decoded in vivo as serine and not
leucine in Candida albicans, Nucleic Acids Res. 23 (1995) 1481–1486.

[13] I. Miranda, R. Rocha, M.C. Santos, D.D. Mateus, G.R. Moura, L. Carreto,
M.A.S. Santos, A genetic code alteration is a phenotype diversity generator in the
human pathogen Candida albicans, PLoS ONE 2 (2007) e996.

[14] A.C. Gomes, I. Miranda, R.M. Silva, G.R. Moura, B. Thomas, A. Akoulitchev,
M.A.S. Santos, A genetic code alteration generates a proteome of high diversity in
the human pathogen Candida albicans, Genome Biol. 8 (2007) R206.

J.S. Fraga, et al. BBA - Proteins and Proteomics 1867 (2019) 654–661

660

https://doi.org/10.1016/j.bbapap.2019.02.004
https://doi.org/10.1016/j.bbapap.2019.02.004
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0005
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0005
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0010
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0010
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0015
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0015
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0020
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0020
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0020
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0025
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0025
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0030
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0030
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0035
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0035
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0035
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0040
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0040
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0040
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0045
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0045
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0045
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0045
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0050
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0050
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0055
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0055
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0055
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0060
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0060
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0065
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0065
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0065
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0070
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0070
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0070


[15] I. Miranda, A. Silva-Dias, R. Rocha, R. Teixeira-Santos, C. Coelho, T. Gonçalves,
M.A.S. Santos, C. Pina-Vaz, N.V. Solis, S.G. Filler, A.G. Rodrigues, Candida albicans
CUG mistranslation is a mechanism to create cell surface variation, MBio 4 (2013)
(e00285–00213).

[16] A.R. Bezerra, J. Simoes, W. Lee, J. Rung, T. Weil, I.G. Gut, M. Gut, M. Bayes,
L. Rizzetto, D. Cavalieri, G. Giovannini, S. Bozza, L. Romani, M. Kapushesky,
G.R. Moura, M.A.S. Santos, Reversion of a fungal genetic code alteration links
proteome instability with genomic and phenotypic diversification, Proc. Natl. Acad.
Sci. U. S. A. 110 (2013) 11079–11084.

[17] R. Rocha, P.J.B. Pereira, M.A.S. Santos, S. Macedo-Ribeiro, Unveiling the structural
basis for translational ambiguity tolerance in a human fungal pathogen, Proc. Natl.
Acad. Sci. U. S. A. 108 (2011) 14091–14096.

[18] S. Muhlhausen, H.D. Schmitt, K.T. Pan, U. Plessmann, H. Urlaub, L.D. Hurst,
M. Kollmar, Endogenous stochastic decoding of the CUG codon by competing Ser-
and Leu-tRNAs in Ascoidea asiatica, Curr. Biol. 28 (2018) 2046–2057 (e2045).

[19] Z. Feketova, T. Masek, V. Vopalensky, M. Pospisek, Ambiguous decoding of the CUG
codon alters the functionality of the Candida albicans translation initiation factor 4E,
FEMS Yeast Res. 10 (2010) 558–569.

[20] X.L. Zhou, Z.P. Fang, Z.R. Ruan, M. Wang, R.J. Liu, M. Tan, F.M. Anella, E.D. Wang,
Aminoacylation and translational quality control strategy employed by leucyl-tRNA
synthetase from a human pathogen with genetic code ambiguity, Nucleic Acids Res.
41 (2013) 9825–9838.

[21] Q.Q. Ji, Z.P. Fang, Q. Ye, Z.R. Ruan, X.L. Zhou, E.D. Wang, C-terminal domain of
Leucyl-tRNA synthetase from pathogenic Candida albicans recognizes both tRNASer
and tRNALeu, J. Biol. Chem. 291 (2016) 3613–3625.

[22] Z. Sárkány, A. Silva, P.J.B. Pereira, S. Macedo-Ribeiro, Ser or Leu: structural
snapshots of mistranslation in Candida albicans, Front. Mol. Biosci. 1 (2014) 1–14.

[23] P. Maiti, P. Ghorai, S. Ghosh, M. Kamthan, R.K. Tyagi, A. Datta, Mapping of
functional domains and characterization of the transcription factor Cph1 that
mediate morphogenesis in Candida albicans, Fungal Genet. Biol. 83 (2015) 45–57.

[24] E. Roman, R. Alonso-Monge, Q. Gong, D. Li, R. Calderone, J. Pla, The Cek1 MAPK is
a short-lived protein regulated by quorum sensing in the fungal pathogen Candida
albicans, FEMS Yeast Res. 9 (2009) 942–955.

[25] N.A. Gow, F.L. van de Veerdonk, A.J. Brown, M.G. Netea, Candida albicans mor-
phogenesis and host defence: discriminating invasion from colonization, Nat. Rev.
Microbiol. 10 (2012) 112–122.

[26] C. Csank, K. Schroppel, E. Leberer, D. Harcus, O. Mohamed, S. Meloche,
D.Y. Thomas, M. Whiteway, Roles of the Candida albicansmitogen-activated protein
kinase homolog, Cek1p, in hyphal development and systemic candidiasis, Infect.
Immun. 66 (1998) 2713–2721.

[27] S. Yi, N. Sahni, K.J. Daniels, K.L. Lu, T. Srikantha, G. Huang, A.M. Garnaas,
D.R. Soll, Alternative mating type configurations (a/alpha versus a/a or alpha/
alpha) of Candida albicans result in alternative biofilms regulated by different
pathways, PLoS Biol. 9 (2011) e1001117.

[28] M. Galan-Diez, D.M. Arana, D. Serrano-Gomez, L. Kremer, J.M. Casasnovas,
M. Ortega, A. Cuesta-Dominguez, A.L. Corbi, J. Pla, E. Fernandez-Ruiz, Candida
albicans beta-glucan exposure is controlled by the fungal CEK1-mediated mitogen-
activated protein kinase pathway that modulates immune responses triggered
through dectin-1, Infect. Immun. 78 (2010) 1426–1436.

[29] C. Herrero-de-Dios, R. Alonso-Monge, J. Pla, The lack of upstream elements of the
Cek1 and Hog1 mediated pathways leads to a synthetic lethal phenotype upon
osmotic stress in Candida albicans, Fungal Genet. Biol. 69 (2014) 31–42.

[30] R.A. Monge, E. Roman, C. Nombela, J. Pla, The MAP kinase signal transduction
network in Candida albicans, Microbiology 152 (2006) 905–912.

[31] J. Stetefeld, S.A. McKenna, T.R. Patel, Dynamic light scattering: a practical guide
and applications in biomedical sciences, Biophys. Rev. 8 (2016) 409–427.

[32] R.P. Bhattacharyya, A. Remenyi, M.C. Good, C.J. Bashor, A.M. Falick, W.A. Lim,
The Ste5 scaffold allosterically modulates signaling output of the yeast mating
pathway, Science 311 (2006) 822–826.

[33] M.J. Nagiec, P.C. McCarter, J.B. Kelley, G. Dixit, T.C. Elston, H.G. Dohlman, Signal
inhibition by a dynamically regulated pool of monophosphorylated MAPK, Mol.
Biol. Cell 26 (2015) 3359–3371.

[34] A.C. Carrera, K. Alexandrov, T.M. Roberts, The conserved lysine of the catalytic
domain of protein kinases is actively involved in the phosphotransfer reaction and
not required for anchoring ATP, Proc. Natl. Acad. Sci. U. S. A. 90 (1993) 442–446.

[35] L.E.W. LaConte, S. Srivastava, K. Mukherjee, Probing protein kinase-ATP interac-
tions using a fluorescent ATP analog, Methods Mol. Biol. 1647 (2017) 171–183.

[36] J. Beenstock, N. Mooshayef, D. Engelberg, How do protein kinases take a selfie
(autophosphorylate)? Trends Biochem. Sci. 41 (2016) 938–953.

[37] P.E. Sudbery, Growth of Candida albicans hyphae, Nat. Rev. Microbiol. 9 (2011)
737–748.

[38] R.S. Shapiro, N. Robbins, L.E. Cowen, Regulatory circuitry governing fungal de-
velopment, drug resistance, and disease, Microbiol. Mol. Biol. Rev. 75 (2011)
213–267.

[39] A. Remenyi, M.C. Good, R.P. Bhattacharyya, W.A. Lim, The role of docking inter-
actions in mediating signaling input, output, and discrimination in the yeast MAPK
network, Mol. Cell 20 (2005) 951–962.

[40] C.N. Pace, H. Fu, K. Lee Fryar, J. Landua, S.R. Trevino, D. Schell, R.L. Thurlkill,
S. Imura, J.M. Scholtz, K. Gajiwala, J. Sevcik, L. Urbanikova, J.K. Myers, K. Takano,
E.J. Hebert, B.A. Shirley, G.R. Grimsley, Contribution of hydrogen bonds to protein
stability, Protein Sci. 23 (2014) 652–661.

[41] D.C. Rees, A.D. Robertson, Some thermodynamic implications for the thermo-
stability of proteins, Protein Sci. 10 (2001) 1187–1194.

[42] A. Gartner, K. Nasmyth, G. Ammerer, Signal transduction in Saccharomyces cere-
visiae requires tyrosine and threonine phosphorylation of FUS3 and KSS1, Genes
Dev. 6 (1992) 1280–1292.

[43] S. Ahmad, M.A. Hughes, G.L. Johnson, J.E. Scott, Development and validation of a
high-throughput intrinsic ATPase activity assay for the discovery of MEKK2 in-
hibitors, J. Biomol. Screen. 18 (2013) 388–399.

[44] C.M. Rominger, M.D. Schaber, J. Yang, R.R. Gontarek, K.L. Weaver, T. Broderick,
L. Carter, R.A. Copeland, E.W. May, An intrinsic ATPase activity of phospho-MEK-1
uncoupled from downstream ERK phosphorylation, Arch. Biochem. Biophys. 464
(2007) 130–137.

[45] P.A. Lochhead, Protein kinase activation loop autophosphorylation in cis: over-
coming a Catch-22 situation, Sci. Signal. 2 (2009) (pe4).

[46] P. Cote, T. Sulea, D. Dignard, C. Wu, M. Whiteway, Evolutionary reshaping of
fungal mating pathway scaffold proteins, mBio 2 (2011) (e00230–00210).

J.S. Fraga, et al. BBA - Proteins and Proteomics 1867 (2019) 654–661

661

http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0075
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0075
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0075
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0075
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0080
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0080
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0080
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0080
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0080
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0085
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0085
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0085
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0090
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0090
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0090
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0095
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0095
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0095
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0100
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0100
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0100
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0100
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0105
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0105
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0105
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0110
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0110
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0115
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0115
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0115
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0120
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0120
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0120
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0125
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0125
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0125
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0130
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0130
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0130
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0130
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0135
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0135
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0135
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0135
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0140
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0140
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0140
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0140
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0140
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0145
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0145
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0145
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0150
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0150
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0155
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0155
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0160
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0160
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0160
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0165
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0165
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0165
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0170
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0170
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0170
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0175
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0175
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0180
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0180
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0185
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0185
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0190
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0190
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0190
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0195
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0195
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0195
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0200
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0200
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0200
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0200
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0205
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0205
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0210
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0210
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0210
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0215
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0215
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0215
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0220
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0220
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0220
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0220
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0225
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0225
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0230
http://refhub.elsevier.com/S1570-9639(19)30040-8/rf0230


 S-1 

SUPPPLEMENTARY DATA 

 

Genetic code ambiguity modulates the activity of a C. albicans MAP kinase linked to cell wall 

remodeling 

 

Joana S. Fraga 1,2,3, Zsuzsa Sárkány 1,2#, Alexandra Silva 1,2, Inês Correia 1,2, Pedro José Barbosa 

Pereira 1,2, Sandra Macedo-Ribeiro 1,2,* 

 
1 IBMC-Instituto de Biologia Molecular e Celular, Universidade do Porto, 4200-135 Porto, Portugal 
2 Instituto de Investigação e Inovação em Saúde, Universidade do Porto, 4200-135 Porto, Portugal 
3 ICBAS-Instituto de Ciências Biomédicas Abel Salazar, Universidade do Porto, 4050-313 Porto, 

Portugal 

 
#Present address: LEPABE – Departamento de Engenharia Química, Faculdade de Engenharia da 

Universidade do Porto, 4200-465 Porto, Portugal 

 
*To whom correspondence should be addressed: Sandra Macedo-Ribeiro, IBMC - Instituto de 

Biologia Molecular e Celular, Universidade do Porto, 4200-135 Porto, Portugal; sribeiro@ibmc.up.pt; 

Tel. (+351) 226 074 953 

 

 

mailto:sribeiro@ibmc.up.pt


 S-2 

 

Table S1. Oligonucleotides used to amplify the active domain of Cek1 and for site-directed 

mutagenesis. 

 

 

Oligonucleotide Sequence (5´ to 3´) Use 

Cek1_For CCGGCCATGGGCAGTCCACGTCAGGTCAGC gene amplification  

Cek1_Rev CCGGGGTACCTTATTTCATGATTTCTTCATACAG gene amplification 

Cek1_Leu_For 
TGGAGTTCAGCAACAAGTTTAAGGGCTTCAGAT

CGCGATG 
mutagenesis 

Cek1_Leu_Rev 
CATCGCGATCTGAAGCCCTTAAACTTGTTGCTGA

ACTCCA 
mutagenesis 

Cek1_TV_For 
GAGGACAATTATGGCTTTATGGTCGAATACGTTG

CAACCCGTTG 
mutagenesis 

Cek1_TV_Rev 
CAACGGGTTGCAACGTATTCGACCATAAAGCCA

TAATTGTCCTC 
mutagenesis 

Cek1_YF_For 
CAATTATGGCTTTATGACCGAATTCGTTGCAACC

CG 
mutagenesis 

Cek1_YF_Rev 
CGGGTTGCAACGAATTCGGTCATAAAGCCATAA

TTG 
mutagenesis 

Cek1_TV/YF_For 
GGAGGACAATTATGGCTTTATGGTCGAATTCGTT

GCAACCCGTTGGTA 
mutagenesis 

Cek1_TV/YF_Rev 
TACCAACGGGTTGCAACGAATTCGACCATAAAG

CCATAATTGTCCTCC 
mutagenesis 

Cek1_KR_For 
GCAACAGAAAGTTGCGATAAGGAAAATCGAACC

GTTTGAAC 
mutagenesis 

Cek1_KR_Rev 
GTTCAAACGGTTCGATTTTCCTTATCGCAACTTT

CTGTTGC 
mutagenesis 

Cek1_TD_For 
CAACGGGTTGCAACGTATTCGTCCATAAAGCCAT

AATTGTCCTC 
mutagenesis 

Cek1_TD_Rev 
GAGGACAATTATGGCTTTATGGACGAATACGTT

GCAACCCGTTG 
mutagenesis 
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Table S2. Extinction coefficient of Cek1 variants and Cek1_Ser mutants based on amino acid 

sequence. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Protein 
Extinction coefficient 

(M-1 cm-1) 

Cek1_Ser 109,670 

Cek1_Leu 109,670 

Cek1TV_Ser 109,670 

Cek1YF_Ser 108,180 

Cek1TV/YF_Ser 108,180 

Cek1KR_Ser 109,670 

Cek1TD_Ser 109,670 
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Table S3. Thermal stability of Cek1_Ser and Cek1_Leu variants incubated with ATP. Data shown are 

mean ± standard error of the mean (n=3). Statistics were analyzed using one-way ANOVA (Tukey 

multicomparison test) p<0.05 for a 95% confidence interval comparing each variant, Cek1_Ser or 

Cek1_Leu with ATP (p>0.05 non-significant (ns), *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 

 

Protein 
Melting temperature (°C) 

(mean ± SD) 

Significance (adjusted 

p value) 

Cek1_Ser 43.1 ± 0.7 

ns (0.9999) 
Cek1_Ser with ATP 43.2 ± 0.8 

 

Cek1_Leu 40.5 ± 0.3 
ns (0.9999) 

Cek1_Leu with ATP 39.9 ± 0.9 

 

 

Table S4. Thermal stability of Cek1_Ser and Cek1_Leu variants and Cek1_Ser mutants. Data shown 

are mean ± standard error of the mean (n=3). Statistics were analyzed using one-way ANOVA (Tukey 

multicomparison test) p<0.05 for a 95% confidence interval comparing all protein with Cek1_Ser 

(p>0.05 non-significant (ns), *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 

 

Protein 
Melting temperature (°C) 

(mean ± SD) 

Significance (adjusted p 

value) 

Cek1_Ser 43.1 ± 0.7 - 

Cek1_Leu 40.5 ± 0.3 ** (0.007) 

Cek1TV_Ser 43.0 ± 0.7 ns (0.9999) 

Cek1YF_Ser 43.3 ± 0.5 ns (0.9999) 

Cek1TV/YF_Ser 44.4 ± 0.6 ns (0.9999) 

Cek1KR_Ser 47.2 ± 0.6 **** (0.0001) 

Cek1TD_Ser 46.4 ± 0.2 ** (0.0014) 
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Figure S1. Far-UV CD spectra of Cek1_Ser mutants (Cek1TV_Ser, Cek1YF_Ser, Cek1TV/YF_Ser, 

Cek1KR_Ser, Cek1TD_Ser). The mutations did not induce any major differences on the secondary 

structure content of the enzyme. 
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Figure S2. LC-MS/MS analysis of the Cek1 variants. Representative extracted ion chromatogram 

with the peak area and the respective m/z for the peptide of interest (SIASQEDNYGFMTEYVATR). 

The integrated peak areas (insets) of the phosphorylated peptide and of its equivalent non-

phosphorylated version were used to calculate an apparent percentage of phosphorylation of Cek1. An 

arrow marks the position of the peptide ion corresponding to the expected mass of a single 

phosphopeptide on the tyrosine residue, whose theoretical mass (754.65220), as well as that of its 

non-phosphorylated counterpart (727.99676), was calculated using the online server 

ProteinProspector (MS-isotope). (a) MS spectrum for the Cek1_Ser variant: Left panel - 

phosphopeptide (SIASQEDNYGFMTEpYVATR, peak area 1.1×108); Right panel: the equivalent 

non-phosphorylated peptide (peak area 2.7×109). Comparative analysis of the peak areas 

corresponding to phosphorylated and non-phosphorylated peptide fragments, suggested that only a 

small percentage of Cek1_Ser is autophosphorylated on tyrosine 233. (b) MS analysis of the 

Cek1_Leu variant revealed absence of the phosphorylated peptide (Left panel), while the non-

phosphorylated peptide was detectable (Right panel). 
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Figure S3. Binding of TNP-ATP to Cek1 variants. Both Cek1 variants bind the nucleotide with 

comparable affinity. The data are representative of three independent experiments. 
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Supplementary materials and methods 

 

Mass spectrometry 

 

Protein identification and quantitation was performed by nanoLC-MS/MS, using an equipment 

composed by an Ultimate 3000 liquid chromatography system coupled to a Q-Exactive Hybrid 

Quadrupole-Orbitrap mass spectrometer (Thermo Scientific). Samples were loaded onto a trapping 

cartridge (Acclaim PepMap C18, Thermo Scientific) and after 3 min loading the trap column was 

switched in-line to a EASY-Spray column (PepMap RSLC, C18, Thermo Scientific). Separation was 

achieved using a formic acid (FA: 0.1% (v/v)) and acetonitrile (AC: 80% (v/v)) gradient (10 min 

(2.5% to 10% AC), 180 min (10% to 35% AC), 30 min (35% to 99% AC) and 30 min (hold 99% 

AC)). Subsequently, the column was equilibrated with 2.5% AC for 40 min. Data acquisition was 

controlled with Xcalibur 4.0 and Tune 2.8 software (Thermo Scientific). The mass spectrometer was 

operated in data-dependent (dd) positive acquisition mode alternating between a full scan (m/z 380-

1580) and subsequent HCD MS/MS of the 10 most intense peaks from full scan (normalized collision 

energy of 27%). The ESI spray voltage was 1.9 kV. The raw data were processed using Proteome 

Discoverer 2.2.0.388 software (Thermo Scientific) and searched against the SwissProt/UniProt 

database. The Sequest HT search engine was used to identify tryptic peptides. The ion mass tolerance 

was 10 ppm for precursor ions and 0.02 Da for fragment ions. The maximum allowed number of 

missing cleavage sites was set to 2. Cysteine carbamidomethylation was defined as constant 

modification. Methionine oxidation, phosphorylation (S, T and Y) and protein N-terminus acetylation 

were defined as variable modifications. Peptide confidence was set to high. The processing node 

Percolator was enabled with the following settings: maximum delta Cn 0.05; decoy database search 

target FDR 1%, validation was based on q-value. 

 

Fluorescence measurements 

 

The nucleotide binding assay was performed with the fluorescent analog of ATP, TNP-ATP (Jena 

Bioscience). The fluorescence emission scanning spectra were obtained with a Fluoromax-4 

spectrofluorometer (HORIBA) in protein buffer at 20°C using a quartz cuvette (10x10 mm). Samples 

were excited at 410 nm and emission spectra scanned from 500-600 nm, with excitation and emission 

slits set at 6 nm. For fluorescence titrations, Cek1 variants (5 μM) were mixed with TNP-ATP (0-25 

μM) and emission was recorded at 547 nm wavelength. The fluorescence of TNP-ATP was subtracted 

from the total fluorescence (enzyme plus TNP-ATP) to yield the specific fluorescence enhancement 

and data were normalized to the maximum fluorescence and analyzed using the nonlinear curve fitting 

to determine TNP-ATP binding affinity (Kd TNP-ATP) with Prism7 (GraphPad Software). 
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