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Resumo  

Candida albicans é o principal fungo patogénico humano, 
causador de doenças, que vão desde pequenas infeções superficiais até 
infeções sistémicas graves, principalmente em indivíduos com deficit 
imunitário. A natureza patogénica deste organismo deve-se 
principalmente à sua capacidade de proliferar em numerosos orgãos e à 
sua capacidade de adesão às mucosas, resistindo a variações de pH, 
stress oxidativo e à temperatura. A C. albicans exibe um sistema de 
tradução único, descodificando o codão CUG de forma ambígua como 
leucina (3% dos codões) e serina (97%dos codões), usando um tRNA 
híbrido (tRNACAG Ser) que é aminoacilado pelas aminoacil-tRNA sintetases 
de Leucina (LeuRS) e Serina (SerRS). 

A exposição de C. albicans a macrófagos, stress oxidativo, 
variações de pH/osmolaridade e a antifúngicos aumenta os níveis de 
incorporação de leucina dos “normais” 3% para valores superiores a 15%, 
não se conhecendo, contudo, a relevância biológica de tal ambiguidade 
nem o seu mecanismo de regulação. Os objetivos desta tese foram 
estudar os mecanismos de controlo desta ambiguidade do código genético 
e contribuir para o melhor conhecimento deste processo em C. albicans. 
Para tal, os níveis de SerRS e LeuRS foram determinados em diferentes 
condições fisiológicas, usando um sensor fluorescente constituído pela 
fusão do gene da GFP com os promotores dos genes da SerRS e da 
LeuRS (caSES1 e caCDC60, respetivamente). 

Os dados revelaram que um aumento da incorporação de leucina 
nos codões CUG está associado ao aumento da razão LeuRS/SerRS em 
C. albicans. Para identificar as cinases e os fatores de transcrição (TF), 
que regulam a transcrição dos genes da SerRS e LeuRS (caSES1 e 
caCDC60), foram usadas estirpes de C. albicans com deleções nos genes 
das várias cinases e TFs. Estas estirpes mutantes foram transformadas 
com o sensor fluorescente e a expressão das sintetases foi quantificada.  

Os nossos dados permitiram identificar os TFs Rph2 e Hap31 e 
ainda a cinase Cbk1 como reguladores da expressão da LeuRS e SerRS. 
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Abstract  
Candida albicans is the major fungal pathogen in humans, causing 

diseases ranging from mild skin infections to severe systemic infections in 
immunocompromised individuals. The pathogenic nature of this organism 
is mostly due to its capacity to proliferate in numerous body sites and to its 
ability to adapt to drastic changes in the environment, such as pH, oxidative 
stress, temperature and osmolarity. C.albicans exhibit a unique 
translational system, decoding the leucine-CUG codon ambiguously as 
leucine (3%) and serine (97%), using a novel serine tRNA (tRNACAG Ser). 
That is aminoacylated by Seryl-tRNA synthetase (SerRS) and the Leucyl-
tRNA synthetase (LeuRS). Exposure of C. albicans to macrophages, 
oxidative and pH stress and antifungals increases Leu misincorporation 
levels from 3% to 15%, suggesting that C. albicans could regulate 
mistranslation levels. The aim of this study was to identify molecules and 
pathways involved in the regulation of this genetic code ambiguity, and 
ultimately contribute to better understand this unique translational process. 
To accomplish this, the levels of the SerRS and LeuRS were determined 
under different physiological conditions, using a GFP sensor where the 
GFP opening reading frame was fused to the promoters of the SerRS and 
LeuRS genes (caSES1 and caCDC60 respectively). 

The data revealed that increased Leu incorporation at CUG 
codons is associated with higher LeuRS/SerRS ratio. To identify putative 
regulators (kinases and transcription factors (TF)) of SerRS and LeuRS 
expression, C. albicans kinase and TF knockout (KO) strains were 
transformed with the sensor and the expression of both aaRSs was 
quantified. 

Our data allowed us to identify the Transcription Factors Rph2 and 
Hap31 and Cbk1 kinase as putative regulators of the expression of both 
SerRS and LeuRS.  
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1.1 General features of Candida albicans biology and pathogenicity  
 

1.1.1 Candida albicans taxonomy and physiology 

 

Candida albicans belongs to the Kingdom: Fungi, Phylum: Ascomycota, 

Subphylum: Ascomycotina, Class: Ascomycetes, Order: Saccharomycetales, Family: 

Saccharomycetaceae, Genus: Candida. The genus contains approximately 200 species 

most of which exist as saprophyte organisms.  

The name of Candida comes from the Latin term “candidus”, meaning “glowing 

white,” associated to the creamy and glistening white characteristic of yeasts colonies. C. 

albicans was identified in the XIX century by Fredrick Berg (1841) and David Gruby 

(1842) as thrush fungus. It was named Oidium albicans by Charles Phillipe Robin (1853) 

and renamed by Charles Quinquaud to Syringospora robinii (1868). In 1890 the name 

was changed again to Monilia albicans by Wilhelm Zopf and finally in 1923, Christine 

Berkhout changed its name to Candida albicans(1).  

For many years, the absence of a sexual cycle was considered the main 

characteristic shared by Candida species(2), but recent studies showed that C. albicans is 

able to mate in-vitro and in-vivo(3). In terms of taxonomy, Candida albicans is normally 

diploid(4) and its genome is organized in eight pairs of chromosomes, consequently two 

rounds of allele disruption have to be performed to delete a single gene, the haploid 

genome size is approximately 16 Mb(5). The genome of the clinical isolate SC5314 was 

sequenced by the Stanford Genome Technology Center in 1998, and was completely 

annotated in 2004 by Jones, et al.,(6),  who also assembled the diploid genome. The 

release of the genome sequence facilitated the molecular manipulation of C. albicans and 

enabled the establishment of transcript and proteomic profiling projects. 

Several Candida species are opportunistic commensals that colonize skin, genital 

and/or intestinal mucosa and fingernails, and it is present in human mycobiota from 

healthy individuals without causing significant disease. They can also be isolated from 

air, fresh water, sea water and soil samples. Given that most Candida species are 

considered commensal colonizers of the gut, it has been speculated that their isolation 

from aquatic environments likely results from contamination with human or animal 

excrement(7).  

C. albicans can grow in the relatively acidic vaginal mucosa (pH 4.5), in the blood 

stream (pH 7.4),  in media at pH ranging between 2 and 10 and at temperatures ranging 
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from 5°C to 46°C. Optimum growth of C. albicans occurs under aerobic conditions, at 

37ºC, but it can grow under microaerophilic and even anaerobic conditions and in 

presence of elevated concentrations of CO2. Finally, C. albicans can metabolize glucose, 

galactose and sucrose and nitrogen requirements can be fulfilled by low concentrations 

of ammonium ions(8).  

The gold standard technique to identify Candida species is based on laboratory 

cultures, using specific media that allow the identification of different phenotypic 

characteristics. The detection of germ tubes, chromogenic tests, enzymatic tests and 

fermentation tests are frequently used. The most convenient and common characteristic 

methods are based on carbohydrate assimilation and/or enzyme detection. These methods 

use commercial strips and plates, namely API 20C AUX bioMerieux-Vitek, France), the 

API Candida(9) (bioMerieux, France), the Auxacolor(10) (Sanofi Diagnostics Pasteur, 

France), and the Uni Yeast Tek kit (Remel Laboratories, Lenexa, Kansas, USA). These 

tests use an increase in turbidity (API 20C AUX)(11) or the production of color (API 

Candida, Auxacolor, Uni YeastTek) in a series of wells containing different substrates to 

produce a biochemical profile. A disadvantage of these tests is their inhability to 

differentiate between C. albicans, C. dubliniensi, C. tropicalis and C. lusitaniae. 

Chromogenic media, such as CHROMagar Candida(12) (France), Oxoid Chromogenic 

Candida Agar (USA), HiCrome Candida agar (HiMedia, Mumbai, India), help 

differentiate Candida spp. by combining substrates linked to chemical dyes in a solid 

medium: C. tropicalis (dark blue colonies), C. albicans/C. dubliniensis (green colonies) 

and C. krusei (dry, irregular, pink-brown colonies). Unfortunately, two major limitations 

of current test methods are test time and test sensitivity(13).  

All Candida species grow as yeast cells or blastoconidia under normal culture 

conditions between 25ºC and 35ºC, with growth augmented by increased sugar or fat 

content in the media. Cells with unicellular yeast morphology are like yeast 

Saccharomyces cerevisiae and are among the largest fungal cells. They multiply mainly 

by the production of blastoconidia and cell division is regulated by a process called 

budding, where the mother cell produces a daughter cell near one of its poles. The 

daughter cell increases in size and, at a certain time point, mitosis occurs followed by the 

generation of a septum around the bud-neck, which leads to cell separation(2). C. albicans 

can exist in the form of yeast, pseudohyphae, hyphae and chlamydospores. Pseudohyphal 

cells are an intermediary form and consist of attached elongated cell buds that keep 
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constrictions at the septa formation, while hyphal cells have a long shape with no visible 

constrictions(5,14). Hyphae plays important roles in adhesion and tissue invasion during 

infection. They originate from a single elongated yeast cell, the germ tube that 

uninterruptedly grows by apical extension. Most members of the genus produce 

filamentous forms (pseudohyphae), but only C. dubliniensis, C. tropicalis and C. albicans 

form true hyphae. C. glabrata is the only pathogenic species that does not produce 

filamentous forms, existing exclusively as blastoconidia. (2). 

Cell shape is largely determined by the inner layer of the mature cell wall that 

consists of a network of β-1,3- and β-1,6- glucans, mannans and chitin. The cell wall inner 

layer is covered by an external layer of highly glycosylated, covalently anchored proteins 

(mannoproteins) radiating from the cell surface, which are directly involved in the first 

contacts between the fungal pathogen and host cells(15). The cell wall is involved in 

processes such as adhesion, biofilm formation, iron acquisition, and interaction with the 

immune system(16). Three types of adhesion molecules are known: 

- glycoproteins which are expressed specifically on the surface of hyphal forms; 

- protein moiety of glycoproteins that binds to host glycosides containing fucose 

or N-acetyl glucosamine; 

- polysaccharide portions of mannoproteins; 

 Importantly, the wall proteome is highly dynamic and continuously adapts to the 

specific conditions that C. albicans encounters in the host environment (14). Furthermore, 

the mannan polysaccharides play an important role in C. albicans pathogenicity. For 

example C. albicans mannan masking glucan is required for disruption of host processes 

that inactivate pathogens, leading to survival and escaping of C. albicans  from the host 

phagocytes(17). Phospholipids and sterols are dominant lipids in Candida spp. Ergosterol 

is the major membrane sterol. These lipids provide the site of action for the synthesis of 

enzymes involved in cell wall morphogenesis and antifungal action(18). 
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1.1.2 Candida albicans morphological types 

 

There are many genes involved in C. albicans dimorphism in particular ALS3, 

SAP4-6, HWP1, HYR1, CLA4, NRG1 and CYR1(19,20). The mitogen activated protein 

(MAP) kinase (like CEK1), cyclic AMP and Phosphokinase A (cAMP-PKA), and pH 

sensing (RIM101)(21), regulate cellular morphology and expression of hypha associated 

genes. The yeast-to-hypha transition is triggered by many nutritional and environmental 

cues, including neutral pH, temperature (37ºC), nutrient starvation, hypoxia and CO2 

concentration. Many of the strong hypha inducing signals are sensed and integrated by 

the adenylate cyclase CYR1 gene, which is essential for hyphal development under all 

hypha induction conditions. The target of CYR1 is cAMP-dependent protein kinase A 

(PKA)(21). Another important gene is CLA4 (homolog of the S. cerevisiae Ste20p-like 

protein kinase), which is not required for cellular viability, but deletion of both alleles 

blocked the formation of hyphae in liquid and solid media in response to all stimuli and 

suppressed the formation of hyphae and virulence in a mouse model of systemic 

candidiasis. Cla4p is able to phosphorylate and activate myosin I and may contribute to 

the reorganization of the actin cytoskeleton during polarized morphogenesis(22). Hypha-

specific gene expression is negatively regulated by a complex consisting of the general 

transcriptional corepressor TUP1 in association with the transcriptional repressor 

Nrg1(19). Ectopic expression of Nrg1 inhibits hyphal filamentation in all in vitro growth 

conditions and during invasive infection. The decrease in Nrg1 expression is dependent 

on the cAMP-PKA pathway because the adenylyl cyclase Cyr1 is required for 

reduced Nrg1 expression during hyphal initiation. Cyr1 stimulates cAMP production, 

which then activates PKA. There are two catalytic subunits of PKA, Tpk1 and Tpk2. 

Deletion of the TPK2 gene impairs hyphal development in liquid media. The requirement 

of Cyr1 and Tpk2 for hyphal development in all media conditions is consistent with the 

necessity for downregulation of NRG1 transcription during hyphal initiation. The 

temperature of 37°C is a requirement of the observed transcriptional downregulation of 

NRG1 during hyphal initiation. Elevated temperature seems to be sensed by heat shock 

protein 90 (Hsp90)(23).  

C.albicans cells, can also switch colony morphology from round ovoid cells (white 

cells) in smooth white colonies to flat and gray colonies containing elongated or bean 

shaped cells (opaque cells); colonies can revert from white to opaque. White phase cells 
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are more virulent during invasive infection while opaque phase cells are better colonizers 

of the skin(24). White-opaque phenotypic switching also affects other properties of 

Candida cells, including the yeast hypha transition, sensitivity to neutrophils and 

oxidants, antigenicity, adhesion, secretion of proteinase, drug susceptibility, and 

phagocytosis by macrophages. Switching from the white cell type to the opaque cell type 

occurs stochastically at a frequency of 1 in 10,000 cell divisions. The reverse switch 

(opaque to white) occurs at approximately the same frequency at 25°C under standard 

laboratory conditions but occurs at much higher frequencies at 37°C. Oxygen, carbon 

dioxide, and nutrient levels, also affect the switching frequencies. White-opaque 

switching appears to be limited to  C. albicans, C. dubliniensis and C. tropicalis(25). The 

switch cell type is heritable over various generations, but occurs without any DNA 

change, suggesting that it is epigenetic. An intermediate phase between the white and 

opaque phenotypes does exist and the phenotypic switching system in this species may 

be better described as “white-gray-opaque”(26). 

Six sequence-specific DNA binding proteins (Wor1, Wor2, Wor3, Czf1, Efg1, and 

Ahr1) have been identified as “core” regulators of this switch mechanism.  The central 

factor regulating the white-opaque switch is the WOR1 gene, also called TOS9/EAP2. 

Overexpression of WOR1 promotes the switching of white to opaque cells(27). WOR1 is 

upregulated 40-fold in opaque cells, and ectopic wor1 expression in white cells is enough 

to drive switching to the opaque cell type. Stable expression of WOR1 in opaque cells is 

maintained by positive feedback of wor1 through its own promoter(28). 

Czf1 regulates switching by inhibiting expression of EFG1 (enhanced filamentous 

growth protein), a transcription factor that promotes the formation of white cells. Wor2 

is involved in stabilization of the opaque state since deletion of WOR2 results in a loss of 

opaque cells, although overexpression of WOR2 does not increase switching from white 

to opaque cells(27). WOR2, WOR3 and CZF1 are up-regulated in opaque cells relative to 

white cells and function in the establishment and maintenance of the opaque cell type in 

a WOR1-dependent manner. EFG1 expression is enriched in white cells and has a role 

opposite to that of WOR1 since it is needed for switching from the opaque cell type back 

to the white cell type and is also required for the maintenance of the white cell type. 

AHR1, is not differentially regulated between white and opaque cells, but helps repressing 

the white-to-opaque switch in an EFG1-dependent manner (27). These six regulators 
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form an interlocking circuit in which each regulator controls the expression of the other 

regulators as represented in Figure 1 (28). 

   

 

Figure 1-Gene network of the TF involved in the white/opaque switching in Candida albicans. Adapted 
from(28) 

 

1.1.3 Candida pathogenicity 

 

The increasing occurrence of fungal infections represents a big challenge for 

human health worldwide. It is estimated that the total number of fungal species exceeds 

1.5 million and more than 600 are reported to be capable of infecting humans and 

animals(29). The host innate immune defense of immunocompetent patients is normally 

capable of systematically eradicating opportunistic fungal pathogens; however, fungi can 

easily evade the detection of host defenses of immunocompromised people and establish 

successful infections. The Global Action Fund for Fungal Infections estimated that ~2.0 

million people die of fungal infections every year, more than those killed by malaria or 

tuberculosis(30). 

Most of Candida species cannot grow at 37 ºC, making them unsuccessful 

pathogens but about 30 species can successfully infect humans(31). The most relevant 

pathogens are: Candida albicans, Candida glabrata, Candida tropicalis, Candida krusei 

and Candida parapsilosis, which are responsible for 90% of invasive Candida infections; 

C. albicans being the most prevalent representing 50-70% of the Candida spp 

infections(32). Candida spp. can cause a range of infections, from mild skin and mucosal 

infections to severe systemic infections(33,34). Which are normally caused by 

endogenous Candida spp. escaping the gastrointestinal tract and circulating via the 
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bloodstream to infect deep tissues, such as the lungs, kidney and liver. There are several 

steps in host tissue invasion (Figure 2): 

- adhesion to the epithelium by blastospores;  

-epithelial penetration and invasion by hyphae produced from blastospores, 

progressively causing damage over time to the tissue;  

-vascular dissemination, which involves hyphal penetration of blood vessels and 

seeding of yeast cells into the bloodstream;  

-endothelial colonization and penetration during disseminated diseases.  

 

 

 

Figure 2-The steps of Candida albicans tissue invasion: adhesion to the epithelium; epithelial 
penetration and invasion by hyphae; vascular dissemination. Adapted from(35). 

 



Candida albicans gene mistranslation as a modulator of host-pathogen interaction and pathogenesis 
 

23 
 

 

Candida spp. are also the fourth most common cause of nosocomial bloodstream 

infections worldwide with ~ 35% of mortality rate, reflecting the severity of this illness 

(32). Additionally, drug resistant Candida infections cost millions of euros to all National 

Healthcare Systems (~1500M€ in USA/year). This is related to the increasing number of 

critically ill patients; growing number of immunocompromised individuals, which can be 

divided in groups who suffer from mucosal or cutaneous barrier disruption, neutrophil 

dysfunction, defects in cell-mediated immunity, metabolic disorders or very young or old 

age. Extensive use of broad-spectrum antibiotics, cytotoxic chemotherapies and organ 

transplantation are also problematic(36).  

The switch of Candida spp from commensalism to pathogenesis depends on both 

fungal and host factors. Various virulence factors are responsible for this transition  

process (see Figure 3), namely the ability to grow at 37°C, at physiological pH,  the 

formation of hyphae and pseudohyphae, the ability of phenotypic switching, adherence 

to epithelial and endothelial cells, biofilm formation, secretion of hydrolytic enzymes and 

ability to adapt to different environments (stress response)(37,38). 

Figure 3-Virulence factors of candida: 1)Expression of adhesins; 2)Yeast-to-hypha transition; 
3)Expression of invasins; 4) Formation of biofilms with yeast cells in the lower part and hyphal cells in the 
upper part of the structure; 5) Phenotypic plasticity (switching); 6)Fitness traits . Adapted from (39). 
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Adherence of Candida spp. to host tissues and cells is an essential early step in the 

establishment of disease. Glycosylphosphatidylinositol cell wall proteins promote 

adhesion to the proteins or carbohydrates in the human cell membranes. A very important 

gene, responsible for the adhesion process, whose expression is induced by physical 

contact between the fungal and epithelial cells, is hyphal wall protein 1 (Hwp1)(40). The 

Hwp1 adhesin is controlled by kexin endoproteinase 2 (Kex2), which also regulates the 

activity of C. albicans proteinases. Agglutinin like sequence (ALS) genes encode fungal 

cell surface glycoproteins, a type of adhesins that exhibit similarity to 

immunoglobulins(39). 

The ALS gene family of C. albicans encodes large cell-surface glycoproteins that 

are implicated in the process of adhesion to host surfaces. Some of these proteins also 

mediate biofilm formation, host cell invasion and iron acquisition. This gene family has 

eight members (ALS1-7 and ALS9), although not all are present in each strain; ALS1-4 

encode adhesins specific for germ tubes and hyphae, while  ALS5-7 and ALS9 are 

associated with blastospores(40). These genes exhibit several levels of variability 

including strain- and allele-specific size differences for the same gene and strain-specific 

differences in gene regulation. ALS adhesins bind to a broad range of proteins, providing 

the basis for adhesion to various cell types and perhaps for C. albicans broad tissue 

tropism(41). ALS3 has an important contribution to C. albicans adhesion to oral human 

epithelial cells, and subsequent epithelial damage. ALS3 KO strains also display reduced 

epithelial damage and cytokine production. Some ALS genes are expressed at high level, 

while others are not transcribed or are expressed at low levels. ALS3 is strongly induced  

when C. albicans cells are placed in growth conditions that promote hypha formation, 

potentially resulting in increased adhesion(42). 

The differential regulation and genetic variability of the ALS genes results in a 

diverse cell-surface(43). Interestingly, the coding sequences of ALS genes contain a high 

number of CUG codons, which are translated as Ser or Leu in the CTG clade species, 

increasing the variability of cell surface proteins. Miranda, et al., works demonstrated that 

CUG mistranslation increased adherence to host substrates, by changing cell surface 

hydrophobicity. Additionally, the diversity in the cell wall proteome created by CUG 

mistranslation altered the cell surface exposure of β-1,3-glucan and reduced C. albicans 

phagocytosis by macrophages(44). 



Candida albicans gene mistranslation as a modulator of host-pathogen interaction and pathogenesis 
 

25 
 

C. albicans has developed several tools mechanisms to avoid or counteract the 

immune system and provoke pathogenesis, the so-called virulence factors, resumed in the 

Figure 4 and explained below.  

C.albicans has two wall-bound, morphotype-associated superoxide dismutases 

(SOD4, SOD5) which are cell wall–resident superoxide dismutases that are essential for 

dealing with extracellular ROS (Reactive Oxygen Species), produced by oxidative burst; 

a general mechanism used by immune cells to kill invading pathogens. SOD4 and SOD5 

knockout mutants are more susceptible to oxidative stress (15). It also produces 

extracellular hydrolytic enzymes, including the Secreted Aspartyl Proteinase (SAP) and 

Phospholipases which contribute to host tissue invasion by digesting hemoglobin, keratin 

and collagen(45). The SAP gene family includes at least 10 isoenzymes (SAP1-SAP10). 

Transcriptional activators such as Efg1 regulate transcription of these enzymes. After 

activation, the aspartyl proteinases Sap1 -Sap8 are secreted extracellularly, whereas Sap9 

and Sap10 are transmembranar proteins. Saps may act on proteins of the extracellular 

matrix of host cells, such as fibronectin or collagen and can upregulate proinflammatory 

cytokines. Among Candida extracellular aspartyl isoenzymes, Sap1-3 are the most active 

in acidic environments, the subgroup Sap4-6 retains activity at neutral pH, and their genes 

are primarily expressed during filamentation(46).  Different SAP genes are expressed in 

different sites of infection, e.g., SAP1, SAP 3, SAP 4, SAP 7 and, SAP 8 expression is 

correlated with oral disease. In vitro studies show that SAP 1-3 are expressed by yeast 

cells only, whereas SAP 4-6 expression is confined to hyphae(15).  

Four types of phospholipases have also been discovered in C. albicans, including 

phospholipases A, B, C and D, but only the phospholipases B1 and B2 have been detected 

extracellularly. These enzymes play an important role in cell growth, remodeling of 

fungal cell membranes and spreading in host tissues through hydrolysis of phospholipids. 

Phospholipase B is important in C. albicans virulence and it is secreted by the yeast 

during the infection process(47).  Barrett Bee et al.,(48) was the first to evaluate the role 

of extracellular phospholipases in virulence by using a murine model of candidiasis. 

When phospholipase activity was measured in six yeasts (four strains of C. albicans and 

a single strain each of C. parapsilosis and S. cerevisiae), a correlation was found between 

phospholipase activity and two potential parameters of pathogenicity. The isolates which 

adhered most strongly to buccal epithelial cells and were most pathogenic in mice had the 
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highest phospholipase activities. Less pathogenic isolates were less adherent to epithelial 

cells and had lower phospholipase activity(49). 

The ability to form biofilms is another important virulence factor. A biofilm is a 

packed community of cells adherent to a surface surrounded by an extracellular matrix 

and have properties that are distinct from their free-floating counterparts. 

Candida biofilms and associated infections can be formed on a variety of surfaces, 

including host tissues and implanted biomaterials including vascular catheters with high 

risk of systemic infection and mortality(50).These biofilms are intrinsically resistant to 

conventional antifungal therapeutics, the host immune system, and other environmental 

factors, making biofilm-associated infections a significant clinical challenge(51). 

Biofilms are notoriously difficult to treat in the clinical setting and their physical removal 

is often required for eradication of infection(52). Available antifungal medications are 

rarely effective given the high tolerance of biofilms to these commonly used anti-infective 

therapies. Candida biofilms proliferate in  presence of up to 1000 fold higher antifungal 

concentration than those needed to inhibit non-biofilm planktonic cells(52) .  

In vitro experiments have shown  that biofilm development occurs in a series of 

sequential steps, namely adhesion/seeding, initiation, maturation and dispersal/detach 

step, over a period of 24–48 h(51). The first step consists of the adhesion of single fungal 

yeast type cells to the substrate followed by a phase of cell proliferation across the surface 

and filamentation. The production of hyphae is a hallmark of the initiation of biofilm 

formation followed by the accumulation of an extracellular polysaccharide matrix, as the 

biofilm matures. In the last step, non-adherent yeast cells are released from the biofilm 

into the surroundings where they can colonize other surfaces, this capacity carries great 

clinical significance(50). 

Biofilms of in vivo catheter infection models are more complex than those 

formed in vitro, with yeast and hypha cells being combined by extracellular matrix 

containing the polysaccharide constituents α-mannan, β-1,6 glucan and β-1,3 glucan. The 

β-1,3 glucan is considered the critical matrix polysaccharide as it is linked to biofilm 

resistance to antifungals by impeding drug diffusion(53). Other important aspect of 

biofilms is quorum sensing and communication between cells. The most well-studied 

quorum-sensing molecule produced by C. albicans is farnesol, which is secreted 

extracellularly and accumulates in supernatants of mature biofilms. Farnesol inhibits 

hyphal formation and, therefore, by promoting yeast cell formation is important for the 
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dispersal step, but at high concentration triggers  Candida apoptosis and controls biofilm 

size (50). On the other hand, there is a complex interaction between host immune cells 

and fungal biofilms. For example, leukocytes, important for controlling fungal infections, 

have also been shown to promote biofilm growth, as C. albicans biofilms proliferate in 

vitro in response to a soluble factor released by mononuclear peripheral blood cells. 

Migration of neutrophils throughout the biofilm is common, but are most often unable to 

contain the infection(52).  

 

 

 

Figure 4-The key virulence factors of Candida albicans, adapted from(54).  

To respond to environmental changes, fungal cells utilize mitogen-activated 

protein kinase (MAPK) phosphorylation cascades. A MAPK cascade is composed by a 

MAP kinase kinase kinase (MAPKKK, also called MEKK) that phosphorylates and 

activates the MAP kinase kinase (MAPKK or MEK), which in turn phosphorylates and 

activates the MAPK. Once active, this MAPK phosphorylates substrates such as 
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transcription factors or other proteins, which results in expression of genes related with 

the response to the initial stimulus(55). Some of the enzymes and the regulation of the 

oxidative stress response are well conserved among fungal species. The pathogens can 

overexpress some enzymes like the superoxide dismutase, catalase, and peroxiredoxin 

and other molecules like melanin, mannitol or trehalose to maintain the redox homeostasis 

within the host cell and resist to oxidative stress(29).  Catalase is a detoxifying enzyme 

that catalyses the conversion of H2O2 to H2O and molecular oxygen. C. albicans and C. 

glabrata have only one catalase gene, which play an important role in virulence (review 

in 60). C. albicans contains six different SOD genes, which are involved in the 

detoxification of ROS by converting O2
− into molecular oxygen and hydrogen peroxide. 

These enzymes include cytoplasmic Sod1 and Sod3, mitochondrial Sod2 and the cell 

surface GPI-anchored Sod4, Sod5, and Sod6. The increase of expression of these enzymes 

in biofilms of C. albicans is common (57).  

 

1.1.4-Human immunity against C. albicans 

 

Humans have two main immune response mechanisms to fight infectious disease: 

1) innate immunity, developed early in the evolution of multicellular organisms; 2) 

adaptive immunity. Both are specifically induced during infection and disease. 

Cooperative interaction of these two mechanisms is required for elimination of 

pathogens(58).  

Innate immunity is the fastest and most general response and is usually enough to 

deal with a broad spectrum of invasive microorganisms. Specialized white blood cells 

like macrophages and monocytes, can detect a large range of features on pathogens, 

capture and phagocytose them, serving as the first line of antimicrobial defense. 

Additional events occurring along with innate immunity are inflammation and the 

complement cascade. Inflammation facilitates the recruitment of immune cells and other 

relevant agents to the location of the infection. However, an exaggerated inflammatory 

response can lead to unwanted effects such as allergic reactions. The complement 

response is a biochemical cascade that promotes the killing of pathogens, usually by 

opsonization(59). 

Adaptive immunity is a slower and specialized response to unfamiliar pathogens. 

It happens in three phases; 1) dendritic cells (DCs) and specialized phagocytes with high 
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power of recognition of non-generic patterns capture the pathogen; 2) these cells travel to 

the lymph nodes, where the antigen is presented to T and B naive cells that can mature 

into specialized cells against the pathogen; 3) these antigen-specific cells travel to the 

infected tissue to better handle the invasion. The cytotoxic T cells are responsible for 

killing pathogenic cells and B cells are responsible for secreting antibodies against the 

pathogens, preventing its access to the host cells and facilitating its recognition by 

macrophages(60). 

The surveillance and elimination of fungal pathogens depend on the sentinel 

behavior of phagocytic cells of the innate immune system, especially macrophages and 

neutrophils(61). Macrophages are essential for mediating the first steps of an effective 

antifungal host defense while neutrophils are essential to eliminate the fungal invasion. 

The interaction of fungi with cells of the innate immune system occurs through the 

engagement of several pathogen recognition receptors, mainly Toll-like receptors and C-

type lectins that sense pathogen-associated molecular patterns (PAMPs). Receptors on 

phagocytes mediate downstream intracellular events related to phagocytosis and 

clearance and participate in complex and different functions related to 

immunomodulation and activation of immunity, depending on cell type. Monocytes, 

macrophages and neutrophils mostly contribute to the innate immune response through 

phagocytosis and pathogen killing. Phagocytes can develop protective mechanisms 

against fungi, destroying them via oxidative and non-oxidative mechanisms(62).   

Phagocytic processes lead to the accumulation of phagocytes at the site where 

fungal cells interact with the host, leading to the engulfment of fungal cells and their 

degradation within maturing phagosomes(61). The innate response can provide an 

instructive role for cells of the adaptive immune system through the production of pro-

inflammatory mediators, including chemokines and cytokines, the induction of co-

stimulatory activity by phagocytic cells, antigen uptake and presentation(63). 

Consequently, to avoid these host defense mechanisms, fungi have evolved sophisticated 

strategies to maximize their probability of surviving in the host(59). According 

to Underhill (2007)(64), immune evasion can be divided in three strategies: Stealth, 

Control and Attack.  

1.1.4.1 Stealth 
 
Strategy by which the fungus may effectively hide  from detection by specific 

immune cells (65). When PAMPs are recognized, the host develops a direct antifungal 
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response through phagocytic processes followed by pro-inflammatory and antimicrobial 

responses, the principal objective is to contain the infection and present antigens to induce 

the adaptive immune system(66). 

The fungal cell wall provides the primary source of PAMPs that are ideal targets 

for recognition, in particular, β-glucans, chitin and mannans. β-(1,3)-glucan, the major 

component of the fungal cell wall, is recognized by Dectin-1 of macrophages and 

monocytes. Dectin-1 is a natural killer cell-receptor-like C-type lectin that is involved 

in innate immune responses to fungal pathogens. Transmembrane signaling following 

ligand binding can mediate various cellular responses, including cytokine and 

chemokine production, the respiratory burst(67) and phagocytosis(68). Dectin-1 also 

recognizes unidentified endogenous ligand on T cells, possibly acting as a co-

stimulatory molecule. Dectin-1 can recognize several fungal pathogens and may play 

a role in the innate response to these organisms. However some of these pathogens 

developed mechanisms for avoiding recognition by this receptor(67). The receptor 

dectin-1, which is mainly expressed on dendritic cells and macrophages, recognizes the 

β-glucan of the wall and leads to the activation of pro-inflammatory cytokines. However, 

the mannoprotein coat largely prevents the detection of the underlying β-glucan layer(15).  

The ability of Candida albicans to grow in filamentous form allows it to escape 

detection by dectin-1; it only recognizes β-glucans present in the yeast form of the fungus. 

The involvement of O-mannan in masking β-glucan in C. albicans cells has been 

demonstrated and contributes to blocking the recognition by Dectin-1(69). 

 

1.1.4.2 Control 
 
When stealth is not possible some pathogens regularly find ways to take advantage 

of host recognition systems and control them for their own good. Pathogens may exhibit 

on their surface or secret molecules that specifically activate regulatory mechanisms; the 

pathogen can directly inhibit the immune response or stimulate types of immune 

responses that are not usually effective against itself(64). For example, C. albicans 

produces proteins in its surface that bind to regulatory complement proteins inhibiting the 

complement cascade, to avoid elimination by the complement pathway (70). There are 

some examples of inhibitory complement ligands, proteins like phosphoglycerate mutase 

(Gmp1), glycerol-3-phosphate dehydrogenase 2 (Gpd2), and pH-regulated antigen 1 

(Pra1) that interact with Factor H and Factor H-like protein 1, which are regulatory 
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proteins of the alternative complement pathway, and plasminogen, a component of the 

coagulation cascade that avoids C3b and C4b deposition on the fungal surface. C. 

albicans also secretes aspartic proteases; Sap1, Sap2, and Sap3, which degrade and 

inactivate the complement proteins C3b, C4b, and C5, inhibiting  the damage caused by 

the complement system(71). 

To escape the phagocytic process C. albicans, C. tropicalis, C. krusei, C. 

parapsilosis, C. guilliermondii and others , are able to produce hyphae both outside and 

inside the macrophage, multiplying intracellularly, destroying the phagocytic cell and 

escaping digestion(72). C. albicans produces hyphae inside macrophages to kill the cell 

or outside the macrophage to avoid phagocytosis and limit the recruitment of additional 

macrophages(73). Beyond this, C. albicans can interfere with the phagosome 

maturation(74). 

 

1.1.4.3 Attack 
 
In the cases where host defense mechanisms cannot be avoided or controlled 

efficiently, the last resort of a pathogen is simply to survive or destroy the defenses. 

Fungal pathogens actively destroy or counter specific immune defenses in many cases. 

Pathogens may express on their surface or secrete molecules that directly harm or counter 

specific host immune defenses. The secretion of toxins or proteases falls into this 

category(64). 

ROS production by macrophages and neutrophils is a primary mechanism for 

killing internalized pathogens. ROS such as superoxide (O2
• −) and hydrogen peroxide 

(H2O2) are products of normal aerobic metabolism, produced mainly by partial reduction 

of oxygen during respiration. In the presence of traces of metal ions, O2
• − can react with 

H2O2 and generate the more reactive singlet oxygen (1O2). H2O2 can oxidize iron sulfur 

centers and cysteines in certain proteins or react with transition metals and produce the 

hydroxyl radical (HO•), which can oxidize any cell molecules, causing, for example DNA 

damage, protein inactivation, protein cross-linking or lipid peroxidation, antioxidant 

response. Phagocytic cells utilize a NADPH enzyme complex to produce ROS, which 

combined with nitric oxide (NO•) produce nitrogen reactive species. These molecules are 

produced as an oxidative burst and have a powerful microbial killing activity(55).  
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1.2- Regulation of virulence factors 

 

1.2.1Transcriptional regulation 

 

Transcription of fungal and other eukaryotic genomes is carried out by the RNA 

polymerases I (Pol I), Pol II and Pol III, which are and controlled by promoters, silencers, 

enhancers and general (or basal) transcription factors, activators or repressors. The short 

name of general transcription factors is “TFII” (transcription factor for RNA polymerase 

II), and most TF II are specified by the letters A–J; TFII  are crucial for the formation of 

a transcription preinitiation complex (PIC) on the DNA template that subsequently 

recruits RNA Pol II for transcription initiation(75). 

Initiation by RNA Pol II involves the general transcription factors TFIIB, TFIID, 

TFIIE, TFIIF and TFIIH, at promoter DNA to form the PIC. Most general transcription 

factors are modular and contain structured domains that are connected by flexible linkers, 

they cooperate with Pol II to bind and to open promoter DNA, to initiate RNA synthesis 

and to stimulate the escape of Pol II from the promoter. Canonical PIC assembly involves 

the TATA box-binding protein (TBP). The TATA box consensus sequence 

(TATAWAWR) is located 30bp upstream of the transcription start site in humans. The 

TBP is functionally conserved from yeast to humans and binds to the minor groove of the 

TATA box, inducing a ~90º bend on the DNA (Figure 5)(76).  

 
Figure 5- Participation of general transcription factors in eukaryotic transcription initiation by RNA Pol 
II. All TFII A-J are recruited to the formation of a core initiation complex that contains double-stranded 
promoter DNA. The central DNA region of the promoters melts, leading to a transcription bubble and the 
formation of the open promoter complex. Adapted from (75). 
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Following PIC formation, polymerase II is released from the transcription factors, 

except  from TFIIF, changes the conformation to the open complex and elongation can 

proceed with the polymerase synthesizing pre-mRNA in the 5' to 3' direction as described 

in Figure 6(76). 

 
Figure 6- Transcription initiation process: 1) Pre-initiation complex formation and constitution in a closed 
complex. 2) Open complex formation and release of general transcription factors and start of POL II 
movement.  Adapted from (77).  

 
RNA Pol II is a macro complex of 12 protein subunits. Specific subunits have 

DNA helicase activity, others form a sliding clamp. Consequently, RNA Pol II does not 

need more accessory proteins to catalyze the synthesis of new RNA strands during 

elongation(78). Although the histones forming nucleosomes need to be moved by a 

protein complex called FACT (FAcilitates Chromatin Transcription), once the pre-

mRNA is synthesized, the FACT complex replaces the histones to recreate the 

nucleosomes(75). 

The mechanistic details of transcription termination are not fully understood, but 

the Pol II may be released from DNA following an allosteric change in the elongation 

complex (allosteric model) (79) or the elongation complex is dismantled following 

degradation of the nascent transcript by a 5′–3′ exoribonuclease (the torpedo model)(80), 

after a catalytic signal.  
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Transcription is regulated by transcription factors (TFs) which are sequence-

specific DNA-binding proteins that control the rate of transcription by binding to a 

specific DNA sequence through their DNA-binding domains, turning on or turning off 

the genes. TFs work alone or with other proteins in a complex to promote or block the 

recruitment of RNA polymerase to target genes (81) (Figure 7). 

 There are many more proteins involved in gene regulation, like histones 

acetyltransferases or deacetylases, chromatin remodelers, methylases and coactivators, 

but none of them has DNA binding domains like TFs. These enzymes  catalyze the 

acetylation or deacetylation of histones directly, recruit other proteins with catalytic 

activity; recruit coactivator or corepressor proteins to the transcription factor DNA 

complex(82). They respond to cell signaling and environmental stimuli. (83). 

 

  

 

 

 

 

 

 

 

 

Figure 7-Scheme showing the activation (A) or repression (B) of transcription by transcription factors. The 
binding sites for TFs are often close to the gene promoter, but they can also be found in other parts of the 
DNA, often far away from the promoter, and still affect transcription of the gene. This is possible due to 
the flexibility of  the DNA molecule. Adapted from(83).  
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1.2.2 Transcription factors 

 

TFs are classified by their mechanistic regulatory or functional characteristics. 

Mechanistic classification of TFs comprises general and upstream/specific TFs groups. 

General TFs interact with the core promoter region surrounding the transcription start 

site. These TFs have the same structure in all cell types. On the other hand, 

upstream/specific TFs are variable depending on the recognition sequences that they bind 

to; they are cell-type specific. Functional classification involves two groups, focusing on 

their activation: constitutively active or conditionally active. The later are active during 

specific time points and physiological conditions and are activated by a signaling 

molecule, which might be extracellular or intracellular. They can also be resident in the 

nucleus (nuclear factors), or can be latent cytoplasmic factors, the latter upon ligand 

activation translocate to the nucleus to activate transcription.  

TFs can be controlled through their signal-sensing domain by several mechanisms 

including ligand binding, phosphorylation by kinases and interaction with other TF 

forming homo or hetero dimers (84). Their structure has DNA-binding domains (DBDs), 

which attach to specific sequences of DNA motifs and a Trans-Activating Domain, which 

contains binding sites for other proteins such as transcription coregulators. Finally TFs 

can also have an optional Signal Sensing Domain, which senses external signals, resulting 

in up- or down-regulation of gene expression(85).  

Structurally, TFs can be classified according to their DBD (Figure 8). Zn+2-

stabilized DBD is the most abundant in all organisms and can be subdivided into C2H2 

zinc fingers, C4 or GATA that are ubiquitous and C6 or Zn2Cys6 binuclear zinc cluster 

that are exclusive of fungi. C2H2 zinc fingers have a modular structure that is stabilized 

by tetrahedral coordination of a zinc ion by Cys and His ligands and by a hydrophobic 

core of conserved Phe and Leu residues. They bind DNA as monomers with each finger 

recognizing consecutive DNA base triplets; specificity and high affinity are achieved by 

multiple fingers(86). The C4 or GATA class of zinc-stabilized TFs consists of proteins 

where each finger comprises 4 cysteine residues coordinating one zinc ion. The DNA-

binding zinc finger is composed by one α-helix and irregular antiparallel β-sheets. The α-

helix and the loop connecting the two-irregular antiparallel β-sheets interact with the 

major groove of the DNA. The basic region carboxyl-terminal to the zinc finger wraps 

around into the minor grove(87).The C6 proteins have a DBD containing two zinc ions 
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coordinated by six Cys residues and is present in fungi only. Also known as zinc binuclear 

cluster this family is characterized by the well-conserved motif CX2CX6CX5–12CX2CX6–

8C in their DNA-binding domain. The C6 TFs bind DNA sites containing CGG triplets 

flanking a region containing a variable number of residues. The orientation of the CGG 

triplets and their spacing are the primary determinants of DNA-binding specificity(88). 

The second most abundant class of TF is the b-zipper type, which is characterized 

by a DBD consisting of a dimerization motif and a basic region. There are two subclasses: 

1) bZIP proteins or leucine zippers, have a dimerization domain consisting of multiple 

Leu residues and the 2) bHLH proteins, which have paired amphipathic α-helices 

separated by a loop of variable length followed by a basic region. They normally bind 

DNA as heterodimers(86). 

The third most abundant class is the helix-turn-helix, characterised by 2 alpha-

helices, that are joined by a short turn loop. The second helix of the helix-turn-helix motifs 

binds to DNA via a number of hydrogen bonds and hydrophobic interactions, which occur 

between specific side chains and the exposed bases and thymine methyl groups within the 

major groove of  DNA(89). The first helix helps to stabilise the structure(90). 

 

Figure 8- DNA-binding domains of five yeast transcription factors. The DNA are represented by gray 
spheres and zinc by blue spheres. (A) C2H2 zinc fingers of Adr1 (2ADR); (B) C6 (zinc knuckle) of Gal4 
(1D66); (C) bZIP structure of Gcn4 (1YSA); (D) bHLH of Pho4 (1AOA); (E) helix-turn-helix of Matα2 and 
winged helix of Mcm1 (1MNM). The Protein data bank accession codes are in parentheses. Adapted from 
(90). 
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Mendelsohn, et al.,(91) proposed a list of C. albicans TFs that can influence 

filamentous growth, including: Cph1, Efg1, Cph2, Tec1, Rim101, Tup1, Nrg1, Mcm1, 

Fkh2 and Ume6. Rap1 is required for efficient repression of pseudohyphae growth under 

yeast-favoring conditions.  Gcn4, like its ortholog in S. cerevisiae, activates the 

transcription of amino acid biosynthetic genes. In addition, C. albicans Gcn4 interacts 

with the Ras-cAMP pathway to promote filamentous growth in response to amino acid 

starvation. C. albicans GCN4-deletion mutant reduces biofilm biomass, indicating that it 

is required for normal biofilm growth. Skn7, one of the response regulator proteins in C. 

albicans, is required for morphogenesis under some growth conditions; it is also required 

for adaptation to some types of oxidative stress in vitro. Mcm1 is an essential gene in C. 

albicans whose protein levels are crucial for determination of cell morphology. It might 

be a mediator recruiting regulatory factors required for hyphal development in C. 

albicans(92). A genetic screen to identify putative TFs controlling biofilm formation 

found 23 candidates including: Efg1, Cph1 and Efh1. These TFs also have important roles 

in cell adhesion and morphogenesis. Efg1 is a downstream TF of Ras-PKA signaling 

pathway that governs multiple morphogenetic processes including phenotypic switching 

and filamentous growth(92).  

 

1.2.3- Proteins Kinases  

 

Kinases are enzymes that catalyze the phosphorylation of specific molecules, 

transferring phosphate groups from phosphate donor molecules like adenosine 

triphosphate (ATP), guanosine triphosphate and phosphoenol pyruvate to a specific 

substrate and forming adenosine diphosphate (ADP)(93). Conversely, protein 

phosphatases catalyse the transfer of the phosphate from a phosphoprotein to a water 

molecule. Even though both groups of enzymes are phosphotransferases, they catalyse 

opposing reactions to modulate the structures and functions of many cellular proteins in 

prokaryotic and eukaryotic cells(94). They are very important to regulate metabolism, 

cell signaling, cellular transport and other pathways because they are used extensively to 

transmit signals and regulate complex processes in cells. Phosphorylation and 

dephosphorylation of molecules can enhance or inhibit their activity and modulate their 

ability to interact with other molecules, e.g. Transcription Factors. The addition and 

removal of phosphoryl groups is an important mechanism of control because various 
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kinases can respond to different conditions or signals. Among the various types of 

posttranslational modifications, protein phosphorylation and dephosphorylation are the 

most prevalent modifications regulating the structures and functions of cellular proteins 

in a wide spectrum of cellular processes, ranging from cell fate control to regulation of 

metabolism. For example, even though protein kinase genes constitute only 2% of the 

genomes in most eukaryotes, protein kinases phosphorylate more than 30% of the cellular 

proteins(94). 

Eukaryotes have different kinases that phosphorylate Ser/Thr or Tyr.  Prokaryotes 

also have His and Asp kinases, but these are unrelated structurally to the eukaryotic 

kinases.  There are 11 structurally different families of eukaryotic kinases, which all fold 

to a similar active site with an activation and catalytic loop between which substrates 

bind.  Single cell eukaryotic cells (like fungi cells) have predominantly cytoplasmic 

Ser/Thr kinases, while in more complex eukaryotic cells like human cells there are many 

Tyr kinases(84). Kinases can be found in a variety of species, from bacteria to mammals 

and are classified according to the substrate where they act and phosphorylate.  

Phosphorylation regulates protein functions by inducing conformational changes or 

by producing or disrupting protein-protein interactions. Conformational changes induced 

are highly dependent on the structural context of the phosphorylated protein and result in 

the formation of a network of hydrogen bonds among specific amino acid residues located 

nearby. This network of hydrogen bonds is ruled by the three-dimensional structure of 

the phosphorylated protein and therefore is unique to each protein. Phosphorylation or 

dephosphorylation may allow or block the access of the substrates to the active sites(94). 

 Protein kinase activities can be regulated by interaction with other proteins. Some 

of these may be protein kinases themselves as occurs during multilayer protein kinase 

cascades. It is difficult to identify the substrates of each kinase due the large number of 

kinase superfamily members and the low-abundance substrates that kinases are predicted 

to phosphorylate (95). Protein kinases employ two types of interactions to recognize their 

physiological substrates: 1) recognition of the consensus phosphorylation sequence in the 

protein substrate by the active site of the protein kinase; 2) distal interactions between the 

kinase and the substrate mediated by binding of docking motives spatially separated from 

the phosphorylation site in the substrate and interaction motif or domain located distally 

from the active site of the kinase(94).  

Some kinases act as scaffold proteins (ex MAPK) and are crucial regulators of 
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many key signaling pathways. The spatial and temporal organization of molecules within 

a cell is also critical for coordinating the many distinct activities carried out by the cell 

and to achieve high fidelity intracellular information transfer. Canonical examples include 

Ste5, essential to the yeast mating MAPK pathway. Scaffold proteins also play an 

important role in organizing cell-cell communication. The kinases act in at least four 

ways: 1) tethering signaling components, 2) localizing these components to specific areas 

of the cell, 3) regulating signal transduction by coordinating positive and negative 

feedback signals and 4) insulating correct signaling proteins from competing proteins(96) 

(Figure 9). 

 

 
 

Figure 9- Hypothetical models of action of phosphorylation in TFs: A) Regulation of intracellular 
localization; B) Regulation of DNA binding activity; C) Control of transactivation. Adapted from (97) 

 

  

A) B) C) 
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1.2.4- C. albicans proteins kinases and role in transcriptional control 

 

Most C. albicans kinase subtracts remain to be identified due technical 

difficulties. Nevertheless, some of the signaling pathways have already been identified, 

namely:  1) cyclic adenosine monophosphate(cAMP); 2) protein kinase A (PKA); 3) 

calcineurin; 4) mitogen-activated protein kinases (MAPK); 5) the high-osmolarity 

glycerol (HOG) that participates in the response to osmotic stress and the cell integrity 

pathway; 6) MKC1-mediated  involved in the biogenesis of the cell wall; 7) and the CEK1 

pathway that mediates mating and filamentation (98,99). There are some studies that 

identify the specific functions of some kinases in C. albicans; CAK1 and KIN28 are 

related to  filamentation-associated gene expression(100) while Cos1 and Sln1 have been 

reported to be involved in virulence and cell wall biosynthesis(101). Michael Kruppa and 

co-workers demonstrated the role of the C. albicans histidine kinase (CHK1) gene family 

in the regulation of cell wall mannan and glucan biosynthesis(102).  

There are also mechanisms that suppress hyphal morphogenesis, such as protein 

degradation via the ubiquitin ligases Ubr1 and CaCDC4 of the TFs Cup9 and Ume6, 

respectively(103). Cdc7 was identified as an essential kinase that suppress hyphal 

development(104) and Tor1 plays a role in regulating the expression of several cell wall 

and hyphal specific genes, including adhesins and their transcriptional repressors Nrg1 

and Tup1(105). 

 In a recent work, Hagit Bar-Yosef and colleagues(103), interrogated the potential 

role of protein phosphorylation in the suppression of hyphal morphogenesis. They used a 

collection of kinase and phosphatase genes, as well as kinase and phosphatase regulators, 

cloned under the inducible TET ON promoter and identified kinase Akl1 among several 

potential novel regulators of hyphal morphogenesis. Candida albicans Akl1suppressed 

hyphal growth and endocytosis. The same work confirmed previously evidences related 

to some genes previously implicated in hyphal morphogenesis, namely: SNF4 which, 

together with SAK1 and the β-subunits Kis1 and Kis2, regulates Snf1 kinase activity; the 

Pho85 cyclin Pcl5, a regulator of the transcription factor Gcn4; the Cdc28/Cdk1 cyclin 

Cln3; the MAPKK Pbs2 and the Nim1 kinase Hsl1(103). 

Avigail Atir-Lande, et al. described the identification and characterization of the 

functional C. albicans Cdc4 and Sol1 (a subtract), and postulated that deletion of 

CaCDC4 leads to constitutive filamentous growth, suggesting a role for ubiquitin-
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mediated protein degradation in the dimorphic switch of C. albicans, so CDC4 is also a 

suppressor of hyphal development(106). 

Kinases and TFs are key modulators of important signaling pathways and their 

activities provide the proper function of many basic cellular processes such as cell 

division, differentiation, and development. Changes in kinase and TF dosage are often 

associated with disease; nevertheless, a systematic assessment of the cellular phenotypes 

caused by the combined perturbation of kinases and TFs has not been taken in all 

organisms and in Candida in particular. Further studies of functional analysis are needed 

using KOs and overexpression of these genes such as that of Ji-Young Youn, et al,(107). 

Some signaling pathways that regulate morphogenesis have been identified, 

including various TFs that either activate or repress hypha-specific genes. Two well-

characterized pathways include the Cek1 MAP kinase cascade and cAMP-dependent 

protein kinase A pathway, that regulate the TFs Cph1p and Efg1p, respectively. cAMP 

also appears to interplay with other second messengers: Ca2+, inositol tri-phosphates in 

regulating yeast-hyphal transition(108). Ras signaling is crucial to the integration of 

environmental cues with morphogenesis and C. albicans possesses two RAS genes 

– RAS1 and RAS2, which encode the Ras1 and a highly divergent Ras2. The importance 

of Ras1 signaling to the virulence of C. albicans is demonstrated by the fact that mutants 

which lack Ras1 are defective in their ability to undergo hyphal transition and exhibit 

reduced virulence in mouse infection models. Ras signaling is now known to mediate the 

induction of hyphal growth in response to a variety of environmental cues including 

growth at 37°C, exposure to high levels of CO2, N-acetylglucosamine and serum 

exposure. These environmental signals are transduced through the cyclic AMP-protein 

kinase A and a mitogen-activated protein kinase pathway as described in Figure 10. 

These pathways have an important role in the regulation of TFs which control the 

expression of hyphal-specific genes such as Als3, Hwp1, Hyr1, and Hgc1(review 

in(109)). 
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Figure 10- Some signaling pathways and stimuli that regulate the morphogenic switch in C. albicans. MAP 
kinase pathway (green); CYR-PKA pathway (blue);RBF1 pathway (grey); TUP1/NRG1/RPG1 pathway 
(purple)matrix response (orange) Adapted from (110). 

 
To circumvent the difficulties of carrying out genetic studies directly in C. albicans, 

many C. albicans genes have been identified and/or analyzed by taking advantage of S. 

cerevisiae homology searches (Table I). Homologues can also be identified by sequence 

similarity, using the C. albicans genome sequencing project. Nonetheless, if a gene does 

function in S. cerevisiae, then the effects of mutant alleles can now be tested in S. 

cerevisiae before the more laborious process of testing them in C. albicans(5).  
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Table I-Table with the homology of components of pathways that regulate morphogenesis. Adapted 
from(5). 

 

C. albicans protein S. cerevisiae 

homologue 

Proteins function 

Ras1 Ras2 GTPase 

Cst20 Ste20 Regulation of cell polarity and cycle 

Hst7 Ste7 MAP Kinase Kinase (Mek) 

Cek1 Cek1 MAP Kinase 

Cph1 Ste12 Transcription Factor 

Cyr1 Cyr1 Adenylate cyclase 

Tpk1/Tpk2 Tpk1/Tpk2 cAMP-dependent protein kinase 

Tec1 Tec1 Transcription Factor 

Cph2 Hms1 Transcription Factor 

Tup1 Tup1 Transcriptional repressor 

Nrg1 Nrg1 DNA binding partner of Tup1 

Rfg1 Rox1 DNA binding partner of Tup1 

Rbf1 Rbf1 Promotes chromatin condensation 
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1.3 Aims of the thesis project:  
 

           The general objectives of this thesis were to elucidate the transcriptional 

mechanisms that regulate the expression of LeuRS and SerRS in C. albicans, particularly 

the identification of transcription factors and kinases that regulate both aaRS. To achieve 

these objectives, we have defined the following specific aims: 

Objective 1: Quantify Leu incorporation levels at CUG sites under different 

physiological conditions. 

Objective 2: Quantify the levels of the SerRS and LeuRS proteins in relevant 

physiological conditions identified in objective 1. 

 

Objective 3: Develop a bioinformatic pipelines and a genetic screen to identify the 

transcription factors and kinases that control the expression of the caCDC60 and caSES1 

genes. 

 

Objective.4: Identify pathways that regulate the expression of caCDC60 and 

caSES1 genes. 
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2.1 Introduction 
 

Errors are an intrinsic characteristic to all biological systems and protein synthesis 

is no exception. The intrinsic translational error in biological systems is a compromise 

between translational accuracy and speed(111). Translational errors arise from tRNA 

mischarging by aaRSs and mRNA misreading by the ribosome and happen at a frequency 

of 10-3 to 10-4 per codon, depending on the quantification method used. These error 

frequencies are typically interpreted as the “translational error” tolerance threshold of the 

cell. Factors that affect the tRNA, aaRS stoichiometric, abundances of cognate and 

noncognate amino acids, available for protein synthesis, have direct impact on accuracy. 

In the C. albicans a unique Serine tRNA (Ser-tRNACAG) is charged by both LeuRS and 

SerRS, incorporating leucine and serine at CUG sites on a proteome scale, but the 

mechanism that regulates such ambiguity is not fully understood. This chapter describes 

our studies on the quantification of the levels of LeuRS and SerRS as well as the levels 

of serine and leucine incorporated at CUG codons.  

 

2.1.1 C. albicans protein synthesis  

 

Translation involves three main steps: initiation, elongation and termination. An 

extra step consists of ribosome recycling. Translation initiation is almost always the rate-

limiting step of protein synthesis, and as such, it is the most highly regulated(112). It 

involves five basic steps: 1) 43S pre-initiation complex (PIC)  formation ; 2)  mRNA 

binding by the eIF4F cap-binding complex; 3) mRNA recruitment to the ribosome; 4) 

localization of the initiation codon; and 5) 60S ribosome joining(112).  

The elongation step involves the transport of aminoacylated tRNAs to the ribosome 

by elongating factors, that play two important roles during the elongation cycle of protein 

biosynthesis on the ribosome. Firstly, they bring aminoacyl-tRNA (aa-tRNA) to the 

ribosome, secondly, an elongation factor is involved in translocation, the step-in 

elongation at which the peptidyl-tRNA is moved from one ribosomal site to another as 

the mRNA moves through the ribosome. Both steps result in the hydrolysis of guanosine 

triphosphate (GTP). The conformation of the elongation factors changes depending on 

whether they are bound to GTP or to guanosine diphosphate (GDP)(113).Cells link amino 

acids to tRNAs using a group of enzymes called aminoacyl tRNAs synthetases (aaRS). 
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The anticodon of aminoacylated-tRNA then pairs with codons in mRNA, so that the 

activated amino acid can be added to the growing polypeptide chain in the ribosome. The 

specific attachment of a given amino acid to a tRNA by an aminoacyl tRNA synthetase, 

that establishes the genetic code(114). The termination step involves recognition of one 

of the 3 stop codons (UAA, UAG or UGA) by the release factors eRF1 and eRF3 in 

eukaryotes. Finally the ribosomes are dissembled and the new polypeptide is released 

from the ribosome(115). 

 

2.1.2- tRNAs and Aminoacyl-tRNA synthetases 

 

C. albicans has a unique translation system where tRNAs and aminoacyl-tRNA 

synthetases play unique roles. Canonical tRNAs have approximately 70-100 nucleotides, 

folded in to a clover-leaf secondary structure, it is organized in five structural 

domains(116), namely: 

- amino acid accepting stem (AAS) containing 7 base pairs at the 3’ end; 

- a D-Stem loop (DSL) with a 4 base pairs stem; 

- an anticodon stem loop (ASL) with a 5 base pairs stem and a 7- nucleotides loop; 

- a T-stem loop (TSL) of 5 base pairs stem; 

- a variable region of 4 to 24 nucleotides.  

The AAS is where the amino acid is attached, the DSL and TSL contain conserved 

dihydrouridine and ribothymidine residues respectively, the ASL has the anticodon and 

the variable arm connects the ASL and TSL arms. The presence of conserved and semi-

conserved residues shapes the tRNA into its three-dimensional L-like structure, formed 

by hydrogen bonds (Figure 11). In the L-shaped structure there are two functional 

domains with independent origins, namely the acceptor stem at one end of the tRNA and 

the anticodon stem at the other end. This structure allows codon/anticodon interaction at 

the decoding center of the small ribosomal subunit and contacts of the aminoacyl-

(peptidyl) residue to the peptidyl- transferase center on the large ribosomal subunit(117). 

tRNAs are transcribed as precursor molecules by RNA polymerase III and are 

extensively modified post-transcriptionally to generate mature tRNAs. These maturation 

steps occur in the nucleus and include removal of the 5’ and 3’ nucleotide extensions and 

addition of a CCA sequence to the 3’ terminal that is required for aminoacylation. End-
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processed tRNAs are exported to the cytoplasm where introns are removed by the splicing 

machinery(118).  

 

 
Figure 11-tRNA structures. A – tRNA secondary structure (cloverleaf). The acceptor stem is represented 
in red and has the CCA end and the 3’- terminal adenosine that accepts amino acids. Blue region represents 
the D- loop, green region, the anticodon loop and the black region, the variable loop and grey the T-loop. 
B – tRNA tertiary structure (L- shape). The cloverleaf secondary structure folds to the L-shaped tertiary 
structure. Both figures have corresponding colors. Adapted from(119). 

 
 tRNAs are the most modified type of RNAs it is estimated that 15% to 25% of all 

nucleotides in eukaryotic tRNA contain modifications, namely deamination, 

glycosylation and methylation. These modifications may play important roles in tRNA 

stability, tRNA discrimination and translational fidelity, where alterations at wobble 

position 34 are important for efficient and accurate codon decoding. For example, 

adenosine-to-inosine (A-to-I) is usually necessary for codon-anticodon wobbling to 

occur(120). Modified bases at position 37 (adjacent to the anticodon) also strengthen 

codon-anticodon interactions and prevent translational frameshifting(121) as is the case 

of  1- methylguanosine (m1G) in tRNAs that decode codons starting with C. These 

modified nucleosides in the anticodon loop and in other positions can also influence tRNA 

recognition by aaRS and may function as identity or anti-identity determinants(122,123). 

Aminoacyl-tRNA synthetases (aaRS) charge tRNAs with their cognate amino acid, 

thus linking codons, anticodons and amino acids. The aminoacylation reaction occurs in two 
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steps:1) the amino acid is activated with ATP at the aaRS active site generating aminoacyl-

adenylate (AA-AMPs); 2) this intermediate AA-AMP is transferred to the 3’end of tRNA 

(Figure 12)(124).  

 

Figure 12- The aminoacylation reaction. In the first step there is activation of the amino acid at the aaRS 

active site with ATP to form aminoacyl-adenylate. The amino acid is then transferred to the 3’-end of the 
tRNA. Adapted from(125). 

 
In eukaryotes there are two groups of AARSs, 20 cytoplasmic enzymes and 20 

nuclear-encoded mitochondrial enzymes, 1 for each standard amino acid(126). These are 

divided in two classes of 10 enzymes each based on the structural differences between 

the domains (catalytic and tRNA recognition sites). Interestingly the LysRS (Lysine RNA 

Synthetase) can be found in each class in different organisms. Class I enzymes have a 

Rossmann fold in the catalytic site and bind the minor groove of the tRNA acceptor steam, 

and normally aminoacylate the 2’-OH group of the terminal tRNA nucleotide. It is 

composed of three or more β-strands linked by two α-helices. Since each Rossman fold 

can only bind one nucleotide, class I aaRSs contain two paired Rossman folds, a structural 

motif that binds nucleotides. In contrast, class II enzymes aminoacylation sites have a 

barrel-like structure of antiparallel β-sheet. This structure forms a template that binds the 

respective amino acid and ATP. Class I amino acids being generally larger and less polar 

while Class II amino acids smaller and more polar(127).   

In addition, class I and II aaRS, can be grouped in three subclasses each (a, b, c), 
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so that subclasses aggregate synthetases that exhibit more similarities between them. 

Subdivisions in each class are based on sequence homology and domain architecture. The 

enzymes in the same subclass show a tendency to recognize amino acids that are 

chemically related. Subclasses Ia and IIa catalyze aminoacylation reactions of many of 

the hydrophobic amino acids, while subclasses Ib and IIb capture the carboxyl side-chain 

amino acids and the amidated (NH2) derivates. Subclasses Ic and IIc catalyze 

aminoacylation reactions for aromatic amino acids (Figure 13 )(128). 

The aaRSs do not always recognize directly the tRNA anticodon. Instead, tRNAs 

are distinguished by a set of nucleotides, called identity elements. These are mainly 

located in the anticodon loop and in the acceptor stem of the tRNA and can be identity 

determinants; elements that promote aminoacylation, or anti-determinants, elements that 

prevent tRNA mischarging(129,130). In addition, aaRSs possess quality control 

mechanisms that ensure a correct match between the amino acid and their cognate tRNA. 

Some synthetases can hydrolyse aaAMPs at the catalytic site (pretransfer editing), while 

others carry a specific editing domain to deacylate tRNAs incorrectly charged 

(posttransfer editing); some of them use both editing mechanisms(131).  

 
Figure 13- The two subclasses of aminoacyl-tRNA synthetases that evolved from two independent single-
domain proteins. The ancestor three dimensional active-site domain is represented for each class. Adapted 
from(128). 
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Although aaRSs are critical players of translation, several non-canonical functions 

have been discovered. Among them are RNA splicing, transcriptional and translational 

regulation through binding with transcription factors and kinases, which are involved in 

signalling responses, such as apoptosis and inflammation(132). Considering the range of 

activities and uncovered protein-protein interactions, it is though that these synthetases 

are key players in the response to various cellular stressors to maintain the 

homeostasis(133). Moreover, altered expression of aaRSs has been associated with 

human disorders such as cancer, neuronal and autoimmune diseases(134,135). For this 

reason, aaRSs are an attractive target for the development of therapies(136), including 

approaches that target the active sites to inactivate pathogenic microorganisms(134). 

 

 

2.1.3 Genetic code ambiguity 

 

The composition of the cellular proteome is commonly thought to strictly adhere 

to genetic code rules while errors in protein synthesis are traditionally viewed as being 

detrimental to cellular processes. However, accumulating evidence indicates beneficial 

roles for mistranslation in certain biological contexts, suggesting that cells can 

deliberately synthesize mutant proteins that deviate from the genetic code (137). In fact, 

many aaRSs possess broad polyspecificity for non-cognate amino acids, suggesting that 

absolute translational fidelity may not be completely necessary under many physiological 

conditions, and that under some conditions, mistranslation only improve cellular viability 

in response to environmental, nutritional or immunological stress. The deliberate 

synthesis of mutant proteins (mistranslated) leads to the hypothesis that such proteins 

could be useful under stress conditions (138). 

 The ability to accurately sense and mount an efficient response to stress is 

essential for the maintenance of cellular viability, and alterations in translational fidelity 

and protein structures can be utilized by cells to monitor and respond to adverse 

environmental conditions or enhance survival by creating antigenic diversity on  the 

surface proteins of some pathogens. One of the first descriptions of systematic, 

generalized codon ambiguity through tRNA mediated decoding was discovered in the 

fungal pathogen C. albicans(139).  

Translational accuracy of codons depends from regulation of t-RNA and aaRS 
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expression and on amino acid availability fro protein synthesis(140). Mischarged, non-

cognate and near-cognate tRNAs introduce mutations in proteins (epimutations)(141). At 

the ribosome level translational fidelity is controlled at two basic selection steps: 

preferential rejection of incorrect ternary complexes prior to GTP hydrolysis in the initial 

selection stage and preferential rejection of incorrect (mostly near-cognate) aa-tRNAs in 

the proofreading step, after GTP hydrolysis. In the first step, the ribosomal A site is in a 

low affinity state, to allow sampling of codon-anticodon interactions based on Watson-

Crick base-pairing, at first and second codon positions. It is estimated that normal 

translation error rates are in the order of 10-3 and 10-4 and represent a result of trade-off 

between translational fidelity and decoding speed(142,143).Beyond this, amino acid 

starvation has a strong impact on translational accuracy(144). 

Codon decoding errors fall into three categories: 1) nonsense; 2) missense; 3) 

frameshifting errors. Nonsense errors occur when the ribosome prematurely terminates 

the translation of a coding sequence or reads a stop codon. Missense errors occur when 

the wrong amino acid is incorporated and frameshifting errors result from the loss of the 

mRNA reading frame, leading to premature termination(125,145).  

 Normally, mistranslation is viewed as deleterious because it produces proteins 

with altered structure and function impacting negatively on growth rate and fitness(146). 

A good example is the mouse sticky mutation which is an alteration in the editing domain 

of alanyl-tRNA synthetase (AlaRS) that compromises the removal of mischarged tRNAs, 

introducing genetic code ambiguity. Ultimately, it causes accumulation of misfolded 

proteins leading to neurodegeneration(147). Also, mutations in the editing domain of 

ValRS increase amino acid misincorporation and modify cell morphology and initiates 

caspase-dependent apoptosis (148). Surprisingly, there are numerous cases where 

mistranslation is adaptive. For example high rates of substitution of glutamate for 

glutamine and aspartate for asparagine in Mycobacteria generate phenotypic tolerance to 

the antibiotic rifampicin in Mycobacteria (Adaptative Translation)(149). 

 

2.1.4 Role of adaptive translation in C. albicans biology and pathogenesis 

 

 As mentioned before, C. albicans and other Candida species of the CTG clade 

translate the CUG codon as both leucine and serine. As in mycobacterium this ambiguity 

is also adaptative creating a statistical proteome (150). This finding raises several 

important biological questions, namely: 1) What is the molecular mechanism that controls 
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Leu and Ser incorporation at CUG codons? 2) how did Candida survive this codon 

ambiguity? 3) Why and how was this ambiguity preserved and what impact did it have in 

the evolution of the genus Candida?  

The charging of the ambiguous tRNACAG
Ser, by both the SerRS (seryl-tRNA 

synthetase) and LeuRS (leucyl-tRNA synthetase)(139,150), is due to the presence of 

identity elements for leucylation, namely nucleotides A35
 and G37

 in the anticodon loop 

and for serylation three G-C base pairs in the variable arm plus the discriminator base 

G73. This explains why the isoacceptor Leu-tRNACAG
Ser is not edited by LeuRS or 

discriminated by translation elongation factor 1 (eEF1A)(151,152),i.e., the tRNA is 

correctly charged by both aaRS (Figure14).  

 
Figure 14- tRNACAG

Ser secondary and tertiary structures: A. The presence of a purine at position 33 (G33) 
in the C. albicans tRNACAG

Ser anticodon loop replaces a conserved pyrimidine found in all other tRNAs and 
is a key structural element in the reassignment of the CUG codon from leucine to serine- Two other 
nucleotides in the anticodon loop, A35 and G37 are important for leucylation and the discriminator base, 
G73, functions as a negative identity determinant for leucyl-tRNA synthetase (A73 is required for 
leucylation); B. Structure 3D from tRNACAG

Ser. Adapted from (153) 

 Since serine is hydrophilic and leucine is hydrophobic, the variable incorporation 

of these amino acids into a protein has the potential to create proteins with altered 

structure and function(44,154). Previous works from Gomes, et al.(150) demonstrated 

that levels of leucine misincorporation increase in response to different growth conditions 

in C. albicans for example, during fluctuations of osmotic pressure, pH and temperature. 

This study also identified 13,074 CUG codons distributed in the C. albicans genome, 

suggesting that CUG ambiguity has global impact in the proteome and may contribute to 

its diversification (150). High tolerance of CUG ambiguity was unequivocally 

demonstrated by Bezerra, et al.(155), where C. albicans strains tolerated up to 99% of 
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Leu misincorporation. In addition, ambiguous cells were resistant to antifungals, 

suggesting that CUG ambiguity may be relevant for fungal drug resistance(155). The 

ancestor of the CTG clade species reassigned between 26 000 and 30 000 CUG codons, 

which existed in approximately 50% of its 6000 genes at a frequency of 1–6 CUG codons 

per gene, indicating that most of the proteins of the fungal ancestor had their structure 

altered(156).  

The C. albicans transcriptional response to CUG ambiguity has also been 

investigated by transcriptome profiling. Genes related to oxidative and general stress, 

carbohydrate metabolism and molecular chaperones were up regulated. In contrast, genes 

involved in protein synthesis machinery were down-regulated (157). C. albicans has 

fewer stress genes (20 genes)(158) than other fungi namely S.cerevisiae (220 genes) and 

C. glabrata (400 stress genes)(4,159) and it is not able to trigger a typical environmental 

stress response (ESR) (158–160). C. albicans adapts to different stress inputs via 

specific signaling pathways. For example, adaptation to heat shock is mediated by the 

transcription factor Hsf1, nitric stress adaptation is dependent on the TF Cta4, and 

resistance to oxidative stress is dependent upon the AP-1-like TF cap1, the response 

regulator Skn7, and the Hog1 stress activated protein kinase. Hog1 is also crucial for 

resistance to osmotic and cationic stress in C. albicans (159–162).  

 Strains that misincorporate high levels of leucine at CUG codons have a better 

response to stress conditions, such as presence of metals(163), different pH and 

temperature (155), macrophage phagocytosis(44) and antifungal drugs. Therefore, the 

benefits of CUG ambiguity in C.albicans may be due to the diversification of the 

proteome, acquisition of novel protein functions(164) or  alterations of phosphorylation 

sites that modulate signaling pathways. Indeed, Candida albicans hypermistranslating 

strains (20% Leucine misincorporation) display better cell adhesion to epithelial 

cells(150). The mechanisms that regulate CUG ambiguity in C. albicans, i.e., the 

pathways or molecules that regulate SerRS and LeuRS expression and the levels of Leu 

and Ser incorporation at CUG codon sites are not yet understood. We hypothesized that 

competition between the LeuRS and SerRS, for the hybrid tRNA (tRNACAG
Ser) 

determines the level of CUG mistranslation. We further postulate that mistranslation is 

regulated by TF and kinases that control transcription of caSES1 (SerRS) and caCDC60 

(LeuRS).  

One of the greatest challenges in studying mistranslation was the quantitative 
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measurement of amino acid substitutions, due to their low frequency in the proteome. The 

indirect methods fall into four groups: 1) detection of mistranslation using radiolabelled 

amino acids; 2) measurement of changes in the isoelectric point of a protein in 2D gel 

electrophoresis; 3) detection based on functional sensor systems (gain or loss of function 

fluorescent or chemiluminescent reporter systems). Misincorporation frequency can be 

estimated as the ratio of mutant versus wild type enzymatic activity; 4) detection by mass-

spectrometry. These methods detect a specific type of amino acid misincorporation at a 

time(146).  

The objective of this chapter was to investigate the correlation between LeuRS 

and SerRS expression ratios and Leucine incorporation at CUG codon sites. We also 

studied the impact of the external stimuli in C. albicans CUG ambiguity. We started by 

optimizing mass spectrometry methods to quantify mistranslation at CUG codons sites 

using the University of Aveiro Mass Spectrometer Center (Chemistry Department). Data 

analysis was carried out at the IBIMED Bioinformatic Facility. We have created a 

pipeline based on R and Perl scripts to analyze the MS/MS raw data and the PEAKS 8.0 

Software to detect misincorporations.  
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2.2 Material and Methods 
 
 

2.2.1 Strains and growth conditions 
 
  2.2.1.1 Strains 

 
To determine the relative levels of LeuRS and SerRS and Leucine 

misincorporation at CUG codon sites, we used two C. albicans strains with different 

genetic backgrounds that are described below in Table II and the laboratory lineage of 

these strains indicated in Figure 15. 

 

Table II- List of the WT strains used in this study. 

Strain Relevant genotype 

SN152 arg4∆ LEU2/ leu2∆ HIS1/ his1∆ URA3/ura3∆ ::imm434 IRO1/iro1∆::imm434 

DAY286 
ura3Δ::λimm434/ura3Δ::λimm434 pARG4::URA3::arg4Δ::hisG/arg4Δ::hisG 

his1Δ::hisG/his1Δ::hisG 
    

  
 

 
 

Figure 15-Laboratory strains and respective lineages of Candida albicans (adapted from (165)). 

2.2.1.2 Standard growth conditions 
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For cloning purposes, E. coli cells were grown at 37ºC in LB (1% peptone from 

casein, 0.5% yeast extract, 1% sodium chloride; Formedium) broth medium or LB 2% 

agar (Formedium), when necessary, were supplemented with ampicillin (75µg/ml; 

Nzytech). C. albicans strains were grown at 30ºC in YPD (2% glucose, 1% yeast extract, 

1% peptone; Formedium). SN152 was grown in minimal medium (MM) lacking arginine 

(0.67% yeast nitrogen base, 2% glucose, and 0.2% drop-out mixture with all the required 

amino acids; Formedium) and strain DAY286 was grown in MM lacking Histine (0.67% 

yeast nitrogen base, 2% glucose, and 0.2% drop-out mixture with all the required amino 

acids; Formedium). 

 

 

2.2.1.3 Polymerase Chain reaction- primers 

 
 PCR Primers used in this study were purchased from IDT® (Integrated DNA 

Tecnologies) and were diluted in mQ water to a final concentration of 100 pM. Primers 

were designed  using OligoCalc software, (http://www.basic.northwestern.edu/ 

biotools/oligocalc.html) (see Table III)(166).  

 

Table III-List of primers used in this study. 

Primer 

name 

Detect Primer sequence (5’ 3’) Tm 

(ºC) 

oUA 1515 URA3  GCCCCTTTTACAGTTGAA 46 

oUA 1516 URA3  AGTGACACCATGAGCATT 42 

oUA1545 HIS1 CAGCCTTCTTATTCGGCCTTG 56,1 

oUA1546 HIS1 CGTACTCGCCATCTGCTGG 58,2 

oUA 1554 Integration at RP10 

locus 

CGTATTCACTTAATCCCACAC 51 

oUA 1555 Integration at RP10 

locus 

CCAATTGGTGATGGTCC 50.5 

oUA 1844 ARG4 TTTGCGGCCGCTAGAACTAGCTTGATG 65.1 

oUA 1846 ARG4 TTTACTAGTAGGTATAGAAATGCTGGT 54.5 
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2.2.1.4 Preparation of competent E. coli cells 

 
 For the preparation of competent E. coli JM109 cells, the TFB method was used 

(167). Initially, 200μl of cells from an overnight culture were inoculated in 5ml LB 

medium and incubated at 37ºC with 180 rpm agitation until an OD600 of 0.3 was obtained. 

After this, 4 ml of the previous culture was inoculated in 100 ml LB medium and 

incubated at 37ºC at 180rpm until an OD600 of 0.3. Then, cells were collected in two 50 

ml falcons and kept on ice for 5 min. The falcons were then centrifuged at 2500 rpm for 

5min at 4ºC. Supernatant was rejected, and each pellet was resuspended in 20 ml of cold 

TFB I solution. Tubes were then centrifuged at 2500 rpm for 5min at 4ºC. The 

supernatants were again discarded; each pellet was resuspended in 2.5 ml of cold TFB II 

solution. Finally, cells were cooled on ice for 5 min, then distributed in 200μl aliquots 

and frozen at -80ºC. 

 

2.2.2 Quantification of LeuRS and SerRS expression by fluorescence 
microscopy 

 
To determine the levels of SerRS and LeuRS expression a fluorescent reporter 

system, based on the yeast enhanced GFP (yEGFP), was used. The opening reading frame 

(orf.) of yEGFP was fused to the promoters of the SerRS and LeuRS genes (caSES1 and 

caCDC60 respectively), to determine their translational activity. Additionally, mCherry 

was fused to the C. albicans actin promoter (ACT1) to provide an internal control. 

Auxotrophic markers for SN152 strains plasmids (pUA 563, pUA 564) and DAY286 

strains plasmids (pUA 565, pUA 566) were arginine (ARG4 gene) and histidine (HIS1 

gene), respectively (Table IV).  
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Table IV- Plasmids constructed during this study. 

 

 
  

Plasmid Description  

pUA 563 

Plasmid containing the yEGFP reporter system associated with the caSES1 

promoter, for the determination of SerRS expression; used to transform WT and 

TF KO strains with ARG 4 as selective marker 

pUA 564 

Plasmid containing the yEGFP reporter system associated with the caCDC60 

promoter, for the determination of LeuRS expression; used to transform WT and 

TF KO strains with ARG 4 as selective marker 

pUA 565 

Plasmid containing the yEGFP reporter system associated with the caSES1 

promoter, for the determination of SerRS expression; used to transform WT and 

Kinase KO strains with HIS1 as selective marker 

pUA 566 

Plasmid containing the yEGFP reporter system associated with the caCDC60 

promoter, for the determination of LeuRS expression; used to transform WT and 

Kinase KO strains with HIS1 as selective marker 

pUA 567 

Plasmid derived from pUA 553 containing the yEGFP reporter system with a WT 

TTA-leucine at position 201; containing an ARG4 gene as selective marker 

inserted between SpeI and NotI restriction sites 

pUA 568 

Plasmid derived from pUA 554 containing the yEGFP reporter system with a 

CTG ambiguous codon at position 201; containing an ARG4 gene as selective 

marker inserted between SpeI and NotI restriction sites 

pUA 569 

Plasmid derived from pUA 555 containing the yEGFP reporter system with a 

TCT-serine codon at position 201; containing an ARG4 gene as selective marker 

inserted between SpeI and NotI restriction sites 

pUA 570 

Plasmid derived from pUA 553 containing the yEGFP reporter system with a WT 

TTA-leucine at position 201; containing an HIS1 gene as selective marker 

inserted between SpeI and NotI restriction sites 

pUA 571 

Plasmid derived from pUA 554 containing the yEGFP reporter system with a 

CTG ambiguous codon at position 201; containing an HIS1gene as selective 

marker inserted between SpeI and NotI restriction sites 

pUA 572 

Plasmid derived from pUA 555 containing the yEGFP reporter system with a 

TCT-serine codon at position 201; containing an HIS1 gene as selective marker 

inserted between SpeI and NotI restriction sites 
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2.2.3 Quantification of Leu misincorporation at CUG sites 
 

To quantify misincorporation levels in C. albicans strains, we used a gain of 

function fluorescent reporter system (yEGFP), described by Bezerra et al.(155). This 

reporter system consists of three different versions of the yGFP gene’s codon in position 

201, resulting in three different plasmids (pUA 553, pUA 554, pUA 555). The plasmid 

pUA 553 contains a WT TTA-leucine codon at position 201 and functions as the positive 

control; plasmid pUA 554 has an ambiguous CTG codon at site 201 thus producing stable 

GFP when Leu is incorporated at this site; plasmid pUA 555 encodes the TCT-serine 

codon producing inactive GFP (negative control). These three plasmids hold an URA3 

cassette as auxotrophic marker.  

Since the KO strains used in this study were prototrophic for uracil, we had to 

remove the URA3 gene from plasmids pUA 553, pUA 554 and pUA 555, replacing it 

with the ARG4 gene to transform strains of the TF KO collection or with HIS1 to 

transform the Kinase KO collection. For this, the three plasmids were digested with SpeI 

and NotI (Fermentas) to remove URA3 selection marker, then the ARG4 gene was 

amplified by PCR from plasmid Cip30 with the forward oUA1844 and the reverse 

oUA1846 primers, and HIS1 gene was also amplified by PCR using Cip30 with the 

forward oUA1545 and the reverse oUA1546 primers. After this, both inserts were 

digested with SpeI and NotI enzymes. Prior to the insertion of the selection marker 

cassette into the vectors, the plasmids were treated with SAP enzyme (Shrimp Alkaline 

Phosphatase, Fermentas), to prevent ligation of the plasmids ends. Finally, ARG4 and 

HIS1 genes were assembled between SpeI and NotI restriction sites in the plasmids pUA 

553, pUA 554 and pUA 555, resulting in the plasmids pUA 567, pUA 568, pUA 569 and 

pUA570, pUA571, pUA572, respectively (Table III). 

 
2.2.4 Transformation procedures 

 
2.2.4.1 E. coli 

 
Transformation of E. coli cells was performed following the Sambrook’s SOC 

method(168). First, 20 µl of ligation reactions using 1:0 to 1:5 vector to insert ratios with 

the vector and insert of interest at 10 ng/ µl were performed. In addition, we used 1 µl of 

DNA Ligase (5U/ µl) (Thermo Scientific), 2 µl of 10x DNA Ligase Buffer (Thermo 

Scientific) and mQ water to complete the volume. Tubes were then incubated at 20ºC for 
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4h, followed by an incubation of 10 minutes at 65ºC to inactivate the enzyme. Next, 

ligation reactions were added to 200 µl aliquots of E. coli competent cells. The reaction 

tubes were incubated on ice for 30 minutes, followed by a heat shock at 42ºC for 90 

seconds and iced again for 2 minutes. After that, 800 µl of SOC medium was added at 

each tube and the tubes were incubated for 1h at 37ºC with agitation of 180 rpm. Next, 

tubes were centrifuged during 1 minute at 2500 rpm. The resulting supernatant was 

discarded, the pellet was homogenized and plated into LB plates supplemented with 

75µg/ml ampicillin. Plates were incubated overnight at 37ºC.  

 

2.2.4.2 C. albicans 
 

Prior to the transformation protocol, plasmids were digested with StuI (Thermo 

Thecnologies), following the recommended reaction conditions, during 4h at 37ºC. 

Transformation of C. albicans was carried out using an improved lithium acetate 

method with minor modifications(169). Cells were grown overnight in falcon tubes 

containing 10ml liquid YPD medium. These cultures were then diluted into fresh YPD 

medium to an OD600 of 0.3 and grown for about 4h at 30ºC, 180rpm shaking until an 

OD600 of 1-1.2 was reached. Cells were then centrifuged at 4000rpm for 5min, 

supernatants were discarded, the pellets were resuspended in 150µl of LiAc-solution 

(LiAc 1M, TE buffer 10x). 200 µl of the cell suspension, 5 µg of the plasmid DNA of 

interest and 50 µl of carrier single strand DNA (2mg/ml) were added to Eppendorf tubes. 

To these transformation mixtures 600 µl of PEG/LiAc-solution (50% w/w) were added 

and briefly vortexed, and incubated overnight at 30ºC, followed by incubation for 15min 

at 44ºC and another incubation on ice for 2 min. Cells were pelleted at 4000rpm for 5 min 

and resuspended in appropriate minimal medium. Aliquots of 100 µl of cell suspensions 

were plated onto selective medium plates and incubated at 30ºC for 3-4 days. 

 

2.2.5 DNA extraction: 
 

2.2.5.1 Plasmid purification from E. coli 
 

 For the plasmidic DNA purification from E. coli, we used the “NZYMiniprep” kit 

(Nzytech,). For this, E. coli cells were grown overnight in 10 ml of liquid LB medium 

(Formedium) with ampicillin (75µg/ml; Sigma-Aldrich). The protocol was then followed 
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according to the manufacturer instructions. After purification, DNA was quantified using 

the NanoDrop®. Purified plasmids were stored at -20ºC.  

2.2.5.2 Genomic DNA purification from C. albicans 

 
DNA was extracted from the transformed cells selected in minimal media, using 

an adaptation of the lyticase method developed by Hoffman and Winston(170). C. 

albicans cells were grown overnight in 5ml of appropriate MM at 30ºC, centrifuged at 

4000rpm for 5min and the supernatant discarded. Then, cells were resuspended in 500 µl 

of Solution I (sorbitol 1M; EDTA-Na2 20 mM; pH 7) and transferred to Eppendorf tubes. 

This step was followed by the addition of 4 µl (10 mg/ml) of lyticase and incubation at 

37ºC for 60 min. Tubes were then centrifuged for 3 min at 13000rpm and the supernatant 

discarded. 500 µl of Solution II (Tris-Hcl 50 mM; EDTA-Na2 20 mM; pH7) and 50 µl of 

SDS were added and the samples were vortex. This was followed by incubation at 65ºC 

for 30 min. 200 µl of Potassium Acetate 5 M was added and the tubes were incubated on 

ice for 60 min. The suspensions were centrifuged for 5 min at 13000rpm and the 

supernatants (600 µl) transferred to new Eppendorf tube. Then, 1.5V of cold ethanol 

100% and 0.1V of NaCl 5M were added to each tube and the tubes were incubated at   -

30ºC, for 2h. Cold tubes were centrifuged for 5 min at 4000rpm and the supernatants were 

discarded. Pellets were air dried and resuspended mQ water. Finally, the DNA 

concentration was determined using NanoDrop®. 

 
2.2.6 Confirmation of plasmid integration into the genome  

 
 To confirm the plasmid integration in the genome of C. albicans transformed 

cells, a colony PCR method was used. Briefly, individual colonies were picked from 

selective media and homogenized in 5 µl of miliQ water. Next, the suspension was 

submitted to a denaturation step at 95ºC for 5 min. The PCR reagents: 10X Dream Taq 

Buffer, 10 Mm DNTP´s Biorron, 100pmol/ul of the two specific primers (table II), 1x 

Dream Taq and miliQ water were added to a final volume of 15 µl. The protocol for the 

PCR reaction was performed in My CyclerTM thermal-cycler (BIO RAD) and consisted of 

a denaturation step at 95ºC for 5 min, 30 cycles of denaturation at 95ºC for 30s, variable 

annealing temperature 30s, extension at 72ºC for 1 min and a final extension step at 72ºC 

for 5 min. PCR products were then checked by electrophoresis, using 1 % agarose gels 

and 120V.  
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2.2.7 Assay growth conditions 

 
 To quantify SerRS, LeuRS expression and leucine incorporation at CUG sites, 3 

clones from each transformed strain were selected. Strains were grown overnight in liquid 

MM to exponential phase in conditions described in Table V and cells from these cultures 

were spotted onto microscope slides and analysed by epifluorescence microscopy. 

 

Table V- Conditions used in the stress screening experiments with selected KO’s. 

Assay Stress compound Growth Temperature 

Control pH 7, Sorbitol 0M 30ºC 

Temperature 30ºC 
37ºC 
42ºC        

30ºC 
37ºC 
42ºC 

pH pH 4 
pH 6 
pH 7 

30ºC 
30ºC 
30ºC 

Osmotic stress  Sorbitol 0M 
Sorbitol 0.2 M 
Sorbitol 1 M 

30ºC 
30ºC 
30ºC 

 

2.2.8 Epifluorescence Microscopy  

 
 Fluorescence of the caCDC60 and caSES1 yEGFP chimeric reporters wasdetected 

using a Zeiss Axio Imager 2 light microscope equipped with the 38 HE GFP filter and 63 

HE mRFP. Images were aquired using an AxionCam HRc camera with an 63x objective 

an AxioCam HRm camera (Zeiss) and AxioVision software (Zeiss), GFP and mCherry 

fluorescence intensity was quantified with ImageJ. 

  The LeuRS and SerRS expression levels were determined using GFP mean 

fluorescence intensity (± SD) divided by mCherry mean fluorescence (± SD), in 

individual C. albicans cells. Leucine incorporation at CUG sites was quantified by 

calculating the GFP mean fluorescence intensity (± SD) divided by mCherry mean 

fluorescence (± SD) (Equation 1). Values of Leucine incorporation at CUG codons are 

calculated using Equation 2. yGFP fluorescence (intensity/pixel) was determined for at 

least 300 cells for each case. 
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Equation  1: Equation used to determine LeuRS/ SerRS ratio of stnthetases promoter’s expression. 

 

𝑅𝑎𝑡𝑖𝑜 = (
𝐺𝐹𝑃 𝑜𝑓 𝐶𝐷𝐶60

𝑚𝑐ℎ𝑒𝑟𝑟𝑦 𝑜𝑓 𝐶𝐷𝐶60
)/

𝐺𝐹𝑃 𝑜𝑓 𝑆𝑒𝑠1

𝑚𝑐ℎ𝑒𝑟𝑟𝑦 𝑜𝑓 𝑆𝑒𝑠1
 

 

Equation 2: Equation used to determine Leucine incorporation levels at CUG codon sites. 

 
Leucine incorporation = 1 − (𝐺𝐹𝑃 (𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒)−𝐺𝐹𝑃 (𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒))−(𝐺𝐹𝑃 (𝑅𝑒𝑝𝑜𝑟𝑡𝑒𝑟)−𝐺𝐹𝑃(𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒) 

𝐺𝐹𝑃 (𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒)−𝐺𝐹𝑃 (𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒)
𝑥100  

 
2.2.9 Protein preparation for mass spectrometry analysis 
 
 

To perform this assay, the strains (T0, T1, SN152 and DAY286) were growth 

overnight at 37ºC in YPD, at 180 rpm. 10 O.D., of cells were harvested by centrifugation, 

washed twice in 1x PBS (50 mM potassium phosphate, 150 mM NaCl pH 7.2) and 

resuspended in 0.3 ml of lysis buffer (50 mM PBS pH 7.0, 1 mM EDTA, 5% Glycerol, 

1mM PMSF and EDTA-free protease inhibitors from Roche). The suspension was kept 

on ice, transferred to cryo-tubes and 1 volume of glass beads were added and frozen at -

80ºC for at least 1h. The cell walls were digested using Precellys (2 cycles of 30 seconds 

in the beater and 5 minutes on ice). Then, tubes were centrifuged during 5 minutes at 

13000 rpm and supernatants were removed into new tubes. This suspension was span 

down again for 10 minutes at 13000rpm and a clear protein extract was obtained. Protein 

quantification was carried out using the Pierce BCA Protein Assay Kit. Aliquots of about 

250 µg of extracted proteins were prepared in 15µL 1X SDS gel loading buffer (50mM 

Tris-HCl pH 6.8, 100mM DTT, 2% SDS, 0.1% bromophenol blue, 10% glycerol) and 

stored at -80ºC. Before use aliquots were heated at 95ºC for 5 minutes, immediately 

before running the gel.         

 Samples were fractionated on a denaturing 15% SDS-polyacrylamide gel: 

water, acrylamide/bisacrylamide (29:1) pH 7.0, Tris base, SDS, APS and TEMED. 15% 

resolving gels and 4% stacking gels were routinely prepared and after polymerization 

were mounted on an electrophoresis apparatus filled with running buffer (25mM Tris 

base, 250mM glycine pH 8.3, 0.1% SDS). 250 µg of total protein of each sample were 

loaded into the wells. The gels were run at 120 V until the dye front moved into the 

resolving gels; then the voltage was increased to 300V, until the dye reached the bottom 

of the gel (less than 3 hours). 

The gel was fixed with the following solution: water 40%, ethanol 50%, and acetic 
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acid glacial 10%, during at least 30minutes. Gels were stained with Coomassie blue for 1 

hour at room temperature and distained immediately with at least five changes of solvent: 

water 70%, ethanol 20%, and acetic acid glacial 10%, in 2 hours or overnight.  

Protein bands were manually excised from the gel and transferred to Eppendorf 

tubes. The gel pieces were washed once with 25 mM ammonium bicarbonate, 3 times 

with 25 mM ammonium bicarbonate/50% acetonitrile (ACN, VWR Chemicals) and once 

with ACN (30 min each wash). Cysteine residues were reduced with 10 mM DTT (45 

min at 56 ºC) and alkylated with 55 mM iodo-acetamide (30 min at RT). The gel pieces 

were washed once with 25 mM ammonium bicarbonate, once with 25mM ammonium 

bicarbonate/50% ACN (15 min) and once with ACN (10 min). Gel pieces were dried for 

at least 15 min and rehydrated in digestion buffer containing 12.5 µg. mL-1 sequencing 

grade modified trypsin (AbSCIEX) in 50 mM ammonium bicarbonate. Proteins were 

digested as recommended by Shevchenko, et al,(171) with few modifications. Trypsin 

was added at an enzyme-to-substrate ratio of 1:50 (w/w). After 45 min on ice, the 

supernatant was removed and discarded, 50 μL of 50 mM ammonium bicarbonate were 

added and the samples were incubated overnight at 37ºC. Extraction of tryptic peptides 

was performed by washing once with 5% formic acid (FA, Fluka) and twice with 5% 

FA/50% ACN (20 min each wash). Tryptic peptides were lyophilized in a SpeedVac 

(Thermo Savant) and resuspended in 1% FA solution. The samples were analyzed with a 

QExactive Orbitrap (Thermo Fisher Scientific, Bremen) through the EASY spray nano 

ESI source (Thermo Fisher Scientific, Bremen) coupled to an Ultimate 3000 HPLC 

system (high-pressure liquid chromatography) (Dionex, Sunnyvale, CA). The trap (5 mm 

× 300 µm) and the EASY-spray analytical (150 mm × 75 µm) columns used were C18 

Pepmap100 (Dionex, LC Packings) with a particle size of 3 µm. Peptides were trapped at 

30 μl/min in 96% solvent A (0.1 % FA). Elution was achieved with the solvent B (0.1 % 

formic acid/80% acetonitrile v/v) at 300 nl/min. The 92 min gradient used was as follows: 

0–3 min, 96% solvent A; 3–70 min, 4–25% solvent B; 70–90 min, 25–40% solvent B; 

90–92 min, 90% solvent B; 90–100 min, 90% solvent B; 101-120 min, 96% solvent A. 

The mass spectrometer was operated at 2.3 kV in the data dependent acquisition mode. A 

MS2 method was used with a FT survey scan from 400 to 1600 m/z (resolution 70,000; 

AGC target 1E6). The 10 most intense peaks were subjected to HCD fragmentation 

(resolution 17,500; AGC target 5E4, NCE 28%, max. injection time 100 ms, dynamic 

exclusion 35 s).   
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2.2.10 Proteome Profiling 

Detection of amino acid misincorporations was performed using the SPIDER 

algorithm of PEAKS Studio (v.8.0, Bioinformatics Solutions Inc.) analysis for MS/MS 

raw data. Samples were searched against a C. albicans proteome available at the uniprot 

reference proteome (version of July 2018) and using a list of common contaminants 

CRAP (repository of adventitious proteins) and the corresponding decoy entries. Trypsin 

was chosen as digestion enzyme and a maximum of 3 missed cleavages were allowed. 

Carbamidomethylation was set as a fixed modification, whereas oxidation of methionine 

(M) and Ser→Leu substitution, were set as variable modifications. Searches were 

performed using mass tolerances of 7 ppm for parent ions and 20 mmu for fragment ions. 

Resulting data files were filtered for FDR of 1%. Data sets of the technical replicates were 

merged in a single dataset. Amino acid misincorporations were validated by 

bioinformatically introducing misincorporations into a new database and re-searching as 

in Proteome Profiling. To reduce the number of false positives, only new proteins with 

mutant peptides identified in the second search and filtered with 1% FDR were considered 

as valid amino acid misincorporations. This was done to reduce the number of false 

positives. 

2.2.11 Bioinformatics Pipeline 
 

A. Raw data analysis (PEAKS Software, RStudio and Perl) 

Firstly, the raw data from MS was analyzed using the PEAKS’s tool, SPIDER. 

PTM and mutations (FDR 1% and 1 unique peptide) was searched. File “protein-

peptides.csv” was exported the script “PeaksResults_to_FastaforValidation.R” was run. 

This script uses “protein-peptides.csv” as input file and generates an output file called 

“uniprot-proteome%xxxx.fasta”, using some intermediate files and the file “protein-

peptides_onlySub.txt”, using the “finalfasta” and “uniprot-proteome%xxx.fasta”. 

In the next step we used the script “create_mutated_peptide_new_21092018.R” 

using an input file “protein-peptides_onlySub.txt” producing the output file “protein-

peptides_onlySub_allSeq.csv”. 

 

B. Validation (PEAKS Software, RStudio and Eclipse Java) 

To validate the data a second run with PEAKS’s toll, DB Search, was performed 

and removed check boxes for PTM and mutations search (FDR PSMs 1% and 1 unique 
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peptide). New files “protein-peptides.csv”, one for each sample and run the script 

“ValidationMatch.R” that uses as input files “protein-peptides_onlySub_allSeq.csv” 

(obtained earlier) and “protein-peptides.csv” (from the validation at PEAKS) were 

extracted. This script created as output file “protein-peptides_onlyvalidatedSub.csv” that 

was used to generate de file “ids_mapped.txt”, with the input files: “proteinsA.txt”, 

“refseqA.txt”, “proteins_short.txt” using the java tool Eclipse. With the input files 

“protein-peptides_onlyvalidatedSub.csv” and “ids_mapped.txt” obtained earlier the 

script “codonsAnalysis_02102018.R” was used to generate the output file 

“tablefinalproteomics.csv”. with the information of all substitutions found. 

 

C. Relative codon Usage (PEAKS Software, RStudio and Eclipse Java) 

To calculate the  relative level of serine at each codon site, we run the script 

“Totalcodonsoccurence”, using as input files the ids_mapped.txt (list of the uniprot IDS 

and the refseq IDS that we provide using Eclipse Java) and noSubst.txt (the list of PEAKS 

software) with the information “uniprotID”, “peptide”, ”Start”, “End”, “Length”. This 

produced the file “FINALCOUNTS_SERINE.txt" containing the total number of serines 

for each serine codon and CUG. This value and the number of substitutions allowed us to 

calculate the % of mistranslation at each codon position.  These scripts are in the annex 

section of the thesis. 

 

2.2.12 Statistical Analysis 

 
All statistical analysis were performed using the GraphPad Prism version 6.0 

software for windows. Data shown in all graphs represent the mean (± SD) of three clones 

tested for each train. Statistical comparisons between the KO strains and the control WT 

strain were carried out using one-way ANOVA followed by a Dunnett comparison test 

with 95% interval with the control (***p<0.001, **p<0.01, *p<0.05). Heatmaps were 

generated using the MeV software version 4.9 for windows. 
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2.3-Results 
 
       2.3.1 Leucine/serine incorporation at CUG codon sites 

 

To quantify the insertion of leucine into CUG codons, we used a reporter system 

available in the laboratory (Figure 16-18), having adapted the plasmids to transform the 

C. albicans strains used in this study (see methods). This fluorescent reporter system 

consists of three forms of the same plasmid where in the “positive” control, the UUA 

codon at position 201 of GFP is read as Leucine (100%) and the protein has maximum 

fluorescence, the “reporter” plasmid had the ambiguous codon CUG at position 201 of 

GFP, which is ambiguously read as Serine or Leucine, GFP is only fluorescent if Leucine 

is incorporated (0-100%). Finally, the “negative” control contains the serine UCU codon 

at site 201 which is, read as Serine, producing inactive GFP. 

 

Figure 16-Scheme showing the construction of  the plasmids used in this study: A) Scheme with the 3 forms 
of the plasmids for quantification of the relative amount of leucine inserted at CUG codons sites. Wild type 
GFP contains a leucine codon at position 201 exhibiting maximum fluorescence, if this position is mutated 
to a serine the GFP will not fluoresce, if mutated to the CUG codon only fluoresces if Leucine is 
incorporated. 

 

Some examples of acquired images for each of the above-mentioned plasmids are 

shown in Figure 17. 

 

 

 

  

A) 
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A)  Positive control. SN152 cells transformed with pUA567(positive plasmid) at 37ºC 

(Ampliation=630x (10x63)); 

 
B) Reporter Plasmid. SN152 cells transformed with pUA568 (reporter plasmid) at 37ºC; 

(Ampliation=630x (10x63)); 

     

C) Negative Control. SN152 cells transformed with pUA569 (negative plasmid) at 37ºC; 

(Ampliation=630x (10x63)); 

 

 

Figure 17- Quantification of the relative amount of leucine inserted into the CUG codons by fluorescence 
microscopy; Using 3 plasmids with 3 forms of GFP: A) with a maximum fluorescence CUG 201 decoding 
as Leu only; B) fluorescence levels corresponding to Leu incorporation at the CUG site; C) a negative 
control. Relative levels of Leu incorporation at the CUG 201 site were calculated using Equation 2 
(methods). These images were analyzed with ImageJ software in order to extract numerical information at 
the intensity of the fluorescence produced, in order to calculate the percentage of leucine inserted at the 
CUG codon sites. 
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The image analysis procedure using ImageJ software is resume and simplified in 

the following figure (Figure 18). 

  
 

 

 

 

 

 

 

 

 

 

Figure 18- Microscopic image analysis process; A) The image obtained by microscopy was analyzed  using 
the ImageJ. B) Area of the cells to be analyzed was defined. C) A threshold value was applied to the area 
selected to remove the background. D) The ImageJ quantifies the numerical value to the average of the 
fluorescence of each pixel of each cell. 

We quantified leucine misincorporation levels at GFP’s CUG codon 201 in the strain 

SN152 and strain Day286, under different growth conditions. We have obtained a 

variation in misincorporation values  in presence of different temperatures, pH, 

osmolarity in agreement previous studies (150). 

 Using a second reporter system based on fluorescence microscopy, we evaluated the 

expression of the LeuRS and SerRS synthetases indirectly through the activity of their 

promoters and we compared these values to the values obtained with the reporter that 

quantified leucine incorporation at CUG codon 201 of GFP (see Figure 19).  

A) B) 

C) D) 
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Figure 19-Scheme showing the construction of plasmids used in this study; A) plasmid used to evaluate the 
expression of the caCDC60 and caSES1 gene promoters by quantifying the fluorescence of chimeric GFP 
having its ORF fused to these promoters. The mcherry fused to the ACT1 promoter was used to normalize 
the results as internal control.  

 

Whenever there was an increase in the levels of Leu misincorporation there was an 

increase in the ratio of expression of LeuRS and SerRS. In other words, higher levels of 

leucine incorporation at CUG codon site corresponded to a variation in caCDC60/caSES1 

expression ratio, i.e., an increase of activation of the promoter of the caCDC60 (LeuRS) 

or on the other hand, a decrease of activity of the caSES1 promoter (SerRS, see Figure 

20). When comparing the physiological conditions already described in the literature 

where the insertion of leucine was increased  corresponds to higher ratios obtained for the 

expression of the caCDC60/caSES1 gene promoters, we found that there was a positive 

correlation between the inserted leucine and the caCDC60/caSES1 ratio, that is, the 

higher the ratio, the greater the amount of leucine inserted into the CUG codon 201 of 

GFP. 
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Figure 20 -Comparation between the level of leucine inserted at CUG codons and the LeuRS / SerRS ratio 
obtained for the expression of the synthetases under different growth conditions. A) results from Leucine 
incorporation obtained from (150); B) Expression of caSES1 and caCDC60 promoters obtained by 
fluorescence microscopy in SN152 growth in different growth conditions, normalized to values obtained to 
30ºC. C) Respective LeuRS/SerRS ratio. D) Expression of caSES1 and caCDC60 promoters obtained by 
fluorescence microscopy in DAY286 growth in different conditions, normalized to values obtained to 30ºC. 
E) Respective LeuRS/SerRS ratio. 

A) 

B) 

D) 

Previous data 

C) 

E) 
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Since this reporter system was used in previous works in our laboratory but was 

not validated by Mass Spectrometry (MS), we performed a comparation between the 

values obtained by both techniques. To calibrate the MS analysis, we used two C. albicans 

strains previously analysed with the reporter system, namely the strains T0 and T1, from 

Ana Bezerra work (Figure 21). 

 

 
 

Figure 21- Ambiguity values of recombinant C. albicans strains. These strains were constructed by 
inserting one (strain T1) or two (strain T2) copies of a yeast Leu tRNACAG

Leu gene into the RPS10 genome 
locus of the Candida albicans SN148 strain. This heterologous tRNACAG

Leu misincorporates Leu only at the 
atypical C. albicans Ser CUGs. The authors also knocked out one or two copies of the chromosomal C. 
albicans Ser tRNACAG

Ser gene in strains T1 and T2, producing strains T1KO1 and T2KO1 or T2KO2. Leu 
misincorporation at CUG sites was monitored in each strain using a gain-of-function reporter system that 
expresses active GFP if Leu is incorporated at codon 201 (Leu201) and inactive GFP if Ser is incorporated 
at the same site (Ser201) (described above in Fig. 19).Quantification of fluorescence in each of the 
constructed strains showed relative increase of Leu misincorporation from 1.45% in strain T0 , to 20,61± 
1,81% in T1 and  up to 98.46% in strain T2KO2 (155). 

 
 In order to investigate Leucine and Serine incorporation levels at CUG sites at the 

proteome level, we have used MS/MS quantification, developed a bioinformatic pipeline 

and used PEAKS 8.0 software (as described in the material and methods section). Briefly, 

total protein was extracted from the WT (untransformed) strains and were fractionated on 

SDS-PAGE. SDS-PAGE gel section corresponding to the 100-180 KDa mass was cut for 

each sample, the protein was extracted from the gel, digested with trypsin and analyzed 

by HPLC-MS/MS. The raw data was analyzed using PEAKS 8.0. The peptides and their 

fragmentation profiles were compared with the information contained in the UNIPROT 

database, which contains information about the proteome of C. albicans. We have 

assigned spectra to peptides and peptides to proteins. Bioinformatically, the serine sites 

(with focus on CUG sites) were then searched, and the amino acids present at these sites 
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were identified (with focus on Serine and Leucine). 

The results obtained are showed in Table VI which indicates the total number of 

codons detected in MS/MS spectra peptides and the number of SER to LEU mutations 

identified in each strain. 

 

Table VI- Ambiguity values obtained by MS/MS in C. albicans strains.  In T0 ambiguity was 4,24% and 

in T1 was 25,00% at CUG codon sites. Notably the levels of Ser-Leu incorporation at the other codons is 

higher than the basal translational errors rate of 10-3 to 10-4 errors per codon. 

 

 

The values obtained by MS are slightly higher, however proportional to those 

obtained by fluorescence microscopy (155), using the GFP reporter system. In other 

words, there was a good correlation between the data obtained by MS and that obtained 

by the fluorescence sensory, the differences may be due in large part to the fact that a 

huge part of the proteome was analyzed by MS  rather than at a single CUG codon site 

on GFP.  

 Figure 22 and 23 show examples of MS/MS spectra analyzed by PEAKS 8.0, 

software. These MS/MS spectra shown clearly identify the Leu and Ser misincorporation 

at CUG codon sites.  Figure 22 shows the “normal” peptide with the respective table of 

m/z peaks found and Figure 23 shows the peptide with misincorporation of Leu at Ser 

CUG codon sites and the respective changes in the respective m/z peaks. 

 

 

TCT TCC TCA TCG AGT AGC CTG Total Ser # Total Pep # Total AA
# codons 2257 1069 1883 319 869 265 118 6780
S -> L misinc 4 4 7 3 4 3 5 30
% Ser -> Leu 0,18% 0,37% 0,37% 0,94% 0,46% 1,13% 4,24% 0,44%
# codons 2596 781 2010 213 619 172 56 6447
S -> L misinc 8 2 4 3 4 2 14 37
% Ser -> Leu 0,31% 0,26% 0,20% 1,41% 0,65% 1,16% 25,00% 0,57%

1 T0 4808 85973

2 T1 5535 97023

Mistranslation Serine-Leucine
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Figure 22-MS/MS spectrum of peptide TITLEVESSDTIDNVK and the respective table of m/z values. 
In red are represented the b+ ions and in blue the y+ ions. Both series are well represented. Proteins 
digestion by trypsin was taken. It cleaves specifically nearly the C terminus of lysine or arginine, but rarely 
between Lys-Pro and Arg-Pro. Because the amino terminal residue of each peptide (except for the C 
terminal peptide) is basic, tryptic peptides are usually doubly or triply charged in ESI. This produces 
multiply charged fragment ions, complicating interpretation of spectra. Major fragment ions are labeled, 
numbered from N-terminus for b ions and from C-terminus for y ions. Doubly charged fragment ions are 
labeled with a superscript +2, singly charged fragment ions aren’t labeled or optionally labeled with +. Ion 
intensity is indicated by the height of the line. In the table the singly and doubly charged b and y fragment 
ions are indicated in separate rows. 

 

 

 

 

 

#1 b⁺ b²⁺ Seq. y⁺ y²⁺ #2
1 102.05496 51.53112 T 16

2 215.13902 108.07315 I 1662.84324 831.92526 15

3 316.18670 158.59699 T 1549.75917 775.38322 14

4 429.27076 215.13902 L 1448.71149 724.85939 13

5 558.31335 279.66032 E 1335.62743 668.31735 12

6 657.38177 329.19452 V 1206.58484 603.79606 11

7 786.42436 393.71582 E 1107.51642 554.26185 10

8 873.45639 437.23183 S 978.47383 489.74055 9

9 960.48842 480.74785 S 891.44180 446.22454 8

10 1075.51536 538.26132 D 804.40977 402.70853 7

11 1176.56304 588.78516 T 689.38283 345.19505 6

12 1289.64710 645.32719 I 588.33515 294.67121 5

13 1404.67405 702.84066 D 475.25109 238.12918 4

14 1518.71697 759.86213 N 360.22415 180.61571 3

15 1617.78539 809.39633 V 246.18122 123.59425 2

16 K 147.11280 74.06004 1
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Figure 23-MS/MS spectrum of peptide containing Leu and Ser at CUG sites TITLEVES(L)S(L)DTIDNVK 
and the respective table of m/z values. In red are represented the b+ ions and in blue the y+ ions. Both series 
are well represented and show us a strong identification. The use of high-resolution devices of MS allows 
the software to associate m/z variations (indirectly mass variations) with variation in predicted amino acid 
established in public databases. It is this binomial (resolution / database accuracy) that allows the analyzer 
software to identify the WT or the mutated peptide. 

 
 
 
 
 
 
 
 
 
 

#1 b⁺ b²⁺ b³⁺ b⁴⁺ Seq. y⁺ y²⁺ y³⁺ y⁴⁺ #2
1 102.05496 51.53112 34.68984 26.26920 T 16

2 215.13902 108.07315 72.38452 54.54021 I 1714.94731 857.97729 572.32062 429.49228 15

3 316.18670 158.59699 106.06708 79.80213 T 1601.86324 801.43526 534.62593 401.22127 14

4 429.27076 215.13902 143.76177 108.07315 L 1500.81557 750.91142 500.94337 375.95935 13

5 558.31335 279.66032 186.77597 140.33380 E 1387.73150 694.36939 463.24869 347.68833 12

6 657.38177 329.19452 219.79877 165.10090 V 1258.68891 629.84809 420.23449 315.42768 11

7 786.42436 393.71582 262.81297 197.36155 E 1159.62050 580.31389 387.21168 290.66058 10

8 899.50843 450.25785 300.50766 225.63256 S-Ser->Xle 1030.57790 515.79259 344.19749 258.39993 9

9 1012.59249 506.79988 338.20235 253.90358 S-Ser->Xle 917.49384 459.25056 306.50280 230.12892 8

10 1127.61943 564.31335 376.54466 282.66032 D 804.40977 402.70853 268.80811 201.85790 7

11 1228.66711 614.83719 410.22722 307.92224 T 689.38283 345.19505 230.46579 173.10117 6

12 1341.75118 671.37923 447.92191 336.19325 I 588.33515 294.67121 196.78324 147.83925 5

13 1456.77812 728.89270 486.26422 364.94999 D 475.25109 238.12918 159.08855 119.56823 4

14 1570.82105 785.91416 524.27853 393.46072 N 360.22415 180.61571 120.74623 90.81149 3

15 1669.88946 835.44837 557.30134 418.22782 V 246.18122 123.59425 82.73192 62.30076 2

16 K 147.11280 74.06004 49.70912 37.53366 1
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2.4-Discussion 

 

 This first chapter focused on the validation of previous data on CUG decoding 

in C. albicans and allowed us to correlate Leu and Ser incorporation levels at CUG sites 

with caCDC60 and caSES1 expression levels. Mass spectrometry was used to validate 

the microscopy data (fluorescence sensors). Until recently MS/MS was not sensitive 

enough to allow the detection of misincorporated peptides at the proteome level. Recent 

developments in analytical MS have provided the means for direct, highly sensitive 

measurement of amino acids misincorporation at each codon site on the proteome by the 

increasing of resolution, allowing us study mistranslation at the proteome level for the 

first time. Briefly, MS is an analytical technique that separates ions in gas phase according 

to their mass-to-charge (m/z) providing important information about the analytes, 

including their structure, purity, and composition (172). 

In proteomics the standard technique is the LC–ESI-MS/MS which has the 

advantage of coupling protein separation by HPLC with tandem mass spectrometry, using 

ESI(146). Independently of the source of mistranslated protein or proteins with or without 

labeling, they are processed similarly. Handling of protein samples involves digestion, 

fractionation, MS/MS analysis and data processing. The latter is crucial to differentiate 

mistranslated peptides from WT peptides with confidence(173). Multi reaction 

monitoring (MRM) yields greater sensitivity than full scan MS/MS, allowing for greater 

detection of low-frequency mistranslation. Otherwise, fragment ions may be mass 

analyzed with an orbitrap mass analyzer, which also offers high resolution and sensitivity, 

since this technique allows for performing a simultaneous analysis with MS in the orbitrap 

and MS/MS in the QqQ, maximizing the sample. In orbitrap MS systems, ions are 

electrostatically trapped in orbit around a central spindle shaped electrode. The ions are 

detected by their image current. Benefits of orbitrap MS include high mass accuracy, high 

sensitivity and good dynamic range. These techniques allow for measurement of normal 

levels of mistranslation at each codon in a global way, and have provided the tools to 

examine modifications caused by changes in the cellular environment(146). MS/MS 

analysis of reporter proteins purified to near homogeneity reduces the complexity of the 

MS spectra search space, increases the probability of detecting mistranslated peptides and 

the reproducibility of the measurements. Deep quantitative MS/MS analysis of the 

reporter peptides against an appropriate database can detect amino-acid substitutions and 
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locate the specific sites where they occur along the primary structure. This highly 

sensitive approach permits identification and quantification of a wide variety of amino 

acid misincorporations, but does not produce a comprehensive view of mistranslation 

rates(173). Indeed, bioinformatic tools are also critical in this field with the correct 

algorithms and software. 

A collaboration between Ita Gruic-Sovulj and Boris Macek(174), groups 

developed a systematic shotgun mass spectrometry proteomics approach for amino 

acid misincorporation in wild-type and LeuRS editing-defective E. coli strains. Using 

high accuracy mass spectrometry and unbiased protein modification analysis they 

established that norvaline can be detected as a loss of a CH2 group (−14.01565 Da) at 

leucine positions. They used a Super-SILAC approach and spectral counting to monitor 

misincorporation levels across several growth phases and culture conditions, to 

determine the percentage of norvaline misincorporation into the E. coli proteome. This 

work was the first systematic use of quantitative shotgun proteomics towards the global 

analysis of norvaline misincorporation of the E. coli proteome and demonstrates that 

high accuracy MS can be efficiently used to follow mistranslation at the proteome 

level. 

Earlier studies in our laboratory showed that Leu-CUG incorporation levels at 

30°C, 37°C, pH 4.0 and in presence of 1.5 mM of H2O2 are 3%, 4%, 5% and 4%, 

respectively, indicating that CUG ambiguity is sensitive to some environmental 

cues(150). These data were obtained using a reporter system for monitoring ambiguous 

CUG decoding, containing a CUG cassette, constructed based on the C. albicans 

PGK (phospho-glycero kinase) protein. The protein was then expressed in C. 

albicans CAI-4 cells using a C. albicans shuttle vector, purified to near homogeneity and 

in-gel digested with enterokinase and thrombin. The resulting peptides were identified 

and quantified using high-pressure liquid chromatography and tandem mass 

spectrometry(150).  

Recently, our laboratory demonstrated that C. albicans can endure ± 21%, 50%, 

67%, 81% and 99% of Leu incorporation at CUGs, showing that it has the extraordinary 

capacity to alter the identity of the CUG codon(155). To increase Leu misincorporation 

at CUG sites, the authors inserted one or two copies (strain T1 or T2 respectively) of a 

yeast Leu tRNACAG
Leu gene into the RPS10 genome locus of the Candida 

albicans SN148 strain. This heterologous tRNACAG
Leu misincorporates Leu only at the 
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atypical C. albicans Ser CUGs. They also knocked out one or two copies of the 

chromosomal C. albicans’s Ser tRNACAG
Ser gene in strains T1 and T2, producing strains 

T1KO1 and T2KO1 or T2KO2. Misincorporation at CUG sites monitored using a gain-

of-function reporter system that expresses active GFP if Leu is incorporated at codon 201 

(Leu201) and inactive GFP if Ser is incorporated at the same site (Ser201). Quantification 

of fluorescence in each of the constructed strains showed relative increase of Leu 

misincorporation from 1.45% in strain T0 up to 98.46% in strain T2KO2. Surprisingly, 

a C. albicans strain harboring a KO in one copy of the Ser tRNACAG
Ser gene (strain 

T0KO1) produced a lower level of fluorescence than the control strain (T0), 

corresponding to relative Leu misincorporation levels of 0.6%. This result suggested that 

the cellular abundance of this tRNACAG
Ser is a determinant of CUG ambiguity levels(155). 

The correlation between CUG ambiguity values and caCDC60 and caSES1 

promoter activity suggested the hypothesis that competition between the LeuRS and 

SerRS synthetases for the hybrid tRNACAG
Ser is central to explain CUG Ser and Leu levels 

in C. albicans.In other words, increasing the relative concentration of LeuRS in relation 

to SerRS would promote an increase in leucyl-tRNACAG
SER, which could justify the 

increase of the insertion of leucine in the ambiguous codon, the CUG codon. 

      What are the most likely factors that control the expression of both synthetases, thus 

controlling CUG ambiguity in Candida albicans? One hypothesis is that expression of 

the SerRS and LeuRS is regulated at the transcriptional level. However, signaling 

molecules like the kinases that act as switches activating or inhibiting the expression of 

genes could also play a role. In the next chapter we evaluate these hypothesis 
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3.1 Introduction 
 

3.1.1 Gene expression regulation. 

 

Genes must interact with and respond to the organism's environment. Some genes 

are constitutive, or always expressed. regardless of environmental conditions. Such genes 

are among the most important elements of a cell's genome and control the ability of DNA 

to replicate, express and repair itself. These genes also control protein synthesis and much 

of an organism's central metabolism. In contrast, regulated genes are needed only 

occasionally.  Thus, the expression of genes into proteins is adjusted to the requirements 

of a cell. This mainly occurs by transcriptional regulation of gene expression, and TFs 

play an important role in this process(175).  

For transcription to occur, a complex process requiring the coordination of histone 

modifications, TF binding and other chromatin remodelling activities is necessary. Many 

of these proteins are activators, while others are repressors; each TF can be classified 

according to their DNA-binding domain since they have a specific domain that recognizes 

a 6-10 base-pair motif in the DNA, as well as an effector domain. TFs may be activated 

or deactivated through their signal-sensing domain by several mechanisms including 

ligand binding, phosphorylation by kinases and interaction with other TF forming homo 

or hetero dimers(84). This structure is composed by one or more DNA binding domain, 

which attach to specific DNA motifs. An optional Signal Sensing Domain senses external 

signals and transmits these signals to the rest of the transcription complex(85).  

Mechanistic classification of TFs comprises general and upstream/specific TFs 

groups. General TFs interact with the core promoter region surrounding the transcription 

start site. Upstream/specific TFs have different structures depending on recognition 

sequences they bind to and they are cell-type specific. Functional classification involves 

two groups, focusing on active period of the TFs during cell lifetime. A constitutively 

active and conditionally active group. TFs are grouped into three general classes based 

on the type of DBD that they contain: Zn+2 stabilized, helix-turn-helix and zipper type.  

The Zn+2-stabilized DBD is the most abundant in all organisms and can be 

subdivided into C2H2 zinc fingers, C4 or GATA   that are ubiquitous and C6 or Zn2Cys6 

binuclear zinc cluster that are exclusive of fungi (86). The second most abundant class of 

TF is the zipper type. This class is characterized by a DBD consisting of a dimerization 

motif and a basic region. There are two subclasses: 1) bZIP proteins or leucine zippers, 
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have a dimerization domain consisting of multiple Leu residues; 2) bHLH proteins have 

paired amphipathic α-helices separated by a loop of variable length followed by a basic 

region. Generally bind DNA as heterodimers(86). 

The third most abundant class is the helix-turn-helix, characterised by 2 α-helices, 

which make intimate contacts with the DNA and are joined by a short turn. The second 

helix of the helix-turn-helix motifs binds to DNA via a number of hydrogen bonds and 

hydrophobic interactions, which occur between specific side chains and the exposed bases 

and thymine methyl groups within the major groove of the DNA (89). The first helix helps 

to stabilise the structure(90). There are some studies that address the effects of TFs on 

key processes for the proliferation, survival and virulence of C. albicans(91,92).  

For an activating TF, the effector domain recruits RNA polymerase II, the 

eukaryotic mRNA-producing polymerase, to begin transcription of the corresponding 

gene. Some activating TFs even turn on multiple genes at once. All TFs bind at the 

promoters just upstream of eukaryotic genes, the promoters consist of the TATA 

box close to the 5' end of the gene and several motifs recognized by specific TFs. In 

addition, many genes have one or more other nearby sequences called enhancers. These 

sequences occur upstream, downstream, or within introns, and they continue to work 

whether in the normal orientation or turned backward in the genome. In yeast, no 

enhancers are known; instead, there are only upstream activator sequences (UASs). 

Enhancers can be found thousands of base pairs from a promoter, whereas UASs are 

generally within a few hundred base pairs upstream. Typical RNA polymerase II 

promoters can be influenced by many enhancers and by multiple factors bound to the 

promoter and enhancer sequences. 

The transcriptional control can be very complex process. For example, the yeast 

genome encodes around 300 TFs, or 1TF/20 genes, while humans genome express 

approximately 3,000 TFs, or 1/10 genes. With respect to the substantial role of TFs in 

gene expression regulation, it is not surprising that the eukaryotic cell features several 

different mechanisms for the regulation of TFs function. One possibility is to tightly 

control the rate of TF synthesis and/or degradation via the ubiquitin–proteasome system. 

Posttranslational modifications are also an important tool in cellular TF regulation(176). 

Protein phosphorylation plays a major role in this respect. In response to diverse 

extracellular signals, TF can be phosphorylated by specific protein kinases or 

dephosphorylated by protein phosphatases. Protein phosphorylation is a dynamic process 
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and the phosphorylation state of the TF can affect its function in several ways: by 

changing the cellular localization, by regulating DNA binding and/or oligomerization of 

the TF by modulating interactions with coregulators or by influencing protein 

stability(177). 

When a cell received an external signal through the membrane, the signal must be 

passed to intercellular molecules which in turn activate transcription. These series of 

signals are called signal transduction pathways(178). These pathways often involve the 

phosphorylation of the receptor protein which in turn phosphorylates other cellular 

proteins. This signal is passed through several cellular proteins where eventually a TF is 

modified such that it activates transcription. The kinases are the enzymes that catalyze 

the phosphorylation of specific molecules, transferring phosphate groups from phosphate 

donor molecules like ATP or GTP to a specific substrate and forming ADP or GDP (93). 

On the other hand, phosphatases catalyses the transfer of the phosphate from a 

phosphoprotein to a water molecule. Even though both groups of enzymes are 

phosphotransferases, they catalyse opposing reactions to modulate the structures and 

functions of many cellular proteins in prokaryotic and eukaryotic cells(94). They are 

essential to regulate metabolism, cell signaling, cellular transport and other pathways. 

The addition and subtraction of phosphoryl groups provide a control mechanism since 

various kinases can respond to different conditions or signals. Protein phosphorylation 

and dephosphorylation are the most prevalent PTM regulating the structures and functions 

of cellular proteins. Protein kinase genes constitute only 2% of most genomes in 

eukaryotes, but phosphorylate more than 30% of the cellular proteins(94). 

Kinases can be found in all species, from bacteria to mammals and are classified 

according to the substrate where they act (84). Phosphorylation regulates protein 

functions by inducing conformational changes or by production or disruption of protein-

protein interaction surfaces. Conformational changes induced are highly dependent on the 

structural context of the phosphorylated protein and results in formation of a network of 

hydrogen bonds among specific amino acid residues nearby. This network of hydrogen 

bonds is ruled by the three-dimensional structure of the phosphorylated protein and 

therefore is unique to each protein. This network induces significant configurational 

changes for example, allow or inhibit the access of the substrates to the active sites(94). 

Protein kinase activities are regulated by interaction with other proteins. Some of 

these may be protein kinases themselves, as occurs during multilayer protein kinase 
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cascades (95). Protein kinases employ two types of interactions to recognize their 

physiological substrates in cells: 1) by recognition of the consensus phosphorylation 

sequence in the protein substrate by the active site of the protein kinase; 2) by distal 

interactions between the kinase and the substrate mediated by binding of docking motif 

spatially separated from the phosphorylation site in the substrate and interaction motif or 

domain located distally from the active site of the kinase. These interactions contribute to 

the ability of protein kinases to recognize their protein substrates with great 

specificity(94). 

In other words, Kinases and TFs are key modulators of important signaling 

pathways and their activities underlie the proper function of many basic cellular processes 

such as cell division, differentiation, and development. However identifying direct 

kinase–TF relationships remains difficult due to the pleiotropic function of kinases and 

TFs in vivo and the large spectrum of potential interactions revealed by in vitro studies, 

for instance, at least 73% of TFs are phosphorylated in vivo in yeast; however, less than 

half of these phosphorylation events have been associated with a cognate kinase (179). 

In Candida albicans, most of the kinase substrates remain to be identified, 

however there are some well-known signaling cascades including the MAPK pathways. 

These pathways are very important fungal systems involved in many physiological and 

developmental processes, they regulate the ability to switch between yeast and hyphal 

forms and many other key virulence factors. They are generally conserved in all the 

species studied thus far and they have a very similar organization and function (98).  

The MAPKs characterized in S. cerevisiae have homologues in many fungi 

belonging to different divisions, and with different lifestyles. In some of these fungi, 

MAPKs, and even the complete MAPK pathways, have been also characterized by 

molecular or biochemical studies, or predicted by bioinformatic analysis. The existence 

of sensing proteins, such as Sln1, Sho1, Msb2, Opy2, Snf1, and auxiliary proteins that 

interact with the external sensors Wsc, Gpr1, Ypd1, Ssk1, Cdc42, Bem4, have been 

described in different fungal species, such as S. cerevisiae, C. albicans, Cryptococcus 

neoformans, Aspergillus nidulans, Fusarium graminearum, Kluyveromyces lactis, 

Ustilago maydis, among others(180). 

 These sensory proteins and auxiliary proteins form the two-component signal 

transduction (TCS -originally described in bacteria, but now known to be present also in 

fungi and plants, but not in animals) system, which together with G protein-coupled 
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receptors, have been described in fungi to be involved in the signal transfer from the 

extracellular medium to the MAPK core, mainly under conditions of stress and virulence. 

In fungi, this system is involved in several processes including development. For 

example, osmotic and oxidative stress, cell and sexual cycle regulation, and virulence. 

This occurs during the perception of an extracellular stimulus, in which the G-proteins 

coupled to receptors undergoes changes in its conformation, giving rise to the dissociation 

of the G proteins into a dimer, G-G, and a monomer, GTP-G. These components act 

downstream interacting with protein kinases which subsequently phosphorylate the 

MAPKKK of the MAPK core. After MAPK protein activation occurs, GTP bound to G, 

is hydrolyzed, and re-association with the G-G heterodimer takes place. The extracellular 

signal perceived by receptors and transmitted by the mechanisms described above is 

finally received by the MAPKKK protein. The activation of MAPK protein occurs by 

phosphorylation of specific amino acid residues. MAPKKK actives the MAPKK protein, 

and this protein in turn activates the MAPK protein, which finally activates transcription 

factors involved in the transcriptional regulation of cellular response(180,181)  

Another step of transduction of extracellular signals by the MAPK pathways is the 

activation by phosphorylation of downstream TFs, which in turn regulate the transcription 

of other TF and other genes involved in the response to the extracellular signal sensed. 

The TFs are the most important points of interaction and interconnection between 

different MAPK pathways, as well as in other signaling pathways. An example of all the 

aspects described above is the U. maydis TF Prf1 that regulates two fundamental 

processes in this fungus, mating and the pathogenic process and it can be activated by 

both the cAMP-dependent protein kinase A pathway (during mating) and MAPK pathway 

(during the pathogenic process). Also in C. albicans, several MAPK pathways may be 

involved in more than one cellular process, the HOG pathway, described to be involved 

in the adaptation to high osmolarity stress, interacts with CWI pathway, and they together 

are involved in morphogenesis, integrity of the cell wall, growth, response to stress, and 

virulence(180,182).  

In addition to these interactions among the MAPK pathways, the interaction of 

MAPK pathways with other signal transduction pathways has been also described in 

fungi. In U. maydis, it has been demonstrated that the PMM (pathogenesis, mating and 

morphogenesis) pathway, the CWI also possibly the HOG MAPK pathways, interact with 

the Pal/Rim pathway involved in sensing and response to pH and dimorphism. This 
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association is evidenced by the up regulation of the TF PACC/RIM101 by the PMM 

pathway in this fungus; most likely this TF is the crossover point between both pathways. 

The participation of CWI (MAPK), and the cAMP dependent protein kinase A (PKA) 

pathway in response to stress has been also described in S. cerevisiae(180,183).  

Despite the progress made during the last 20 years on C. albicans biology and 

pathogenesis and on the mechanisms that regulate virulence factors and adaptation to 

stress, very little is known about how it regulates the level of Leu and Ser incorporation 

at CUG codon sites. However strains that misincorporate increasing levels of leucine at 

CUG codons have a better response to stress conditions such as presence of metals(163), 

antifungal drugs, different pH, temperature(155) and phagocytosis(44). 

In this chapter we investigate how C. albicans regulates SerRS and LeuRS 

expression, the two synthetases that charge the tRNACAG
SER. We postulate that 

competition between LeuRS and SerRS for the tRNACAG
SER is controlled by the 

regulation of these tRNA synthetases expression by TF and Kinases. 

To address the above question, we used two collections of strains having knock 

outs in Kinase and transcription factors genes. The levels of expression of the caSES1 and 

caCDC60 promoters were determined using a fluorescence sensor. Our results provide 

the first evidence for a complex regulatory network controlling CUG ambiguity in C. 

albicans. 

 

3.2 Material and methods 
 

3.2.1 Strains and laboratory growth conditions 

 
  3.2.1.1Strains 

 
To evaluate the role of the 27 putative TFs that regulate the SerRS and LeuRS 

expression, we used a strain knock-out (KO) collection constructed by Homann, et al. 

(184) in which 1 or 2 copies of each putative TF gene were deleted. To test the 22 Kinases, 

we used a C.albicans gene KO strains collection constructed by Mitchell, et al.  (185). 

Escherichia coli strain JM109 was used as a host for all DNA manipulations. This 

bacterial strain and C. albicans WTs strains (SN152 and DAY286) used in this study are 

described below in Table VII.  
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Table VII- List of the E-coli and C. albicans WT strains used in this study. 

 

Strain Relevant genotype Description 

JM 109 
recA1 SupE44 endA1 hsdR17 gyrA96 relA1 thi Δ[Lac-
proAB] F’[traD36 proAB-lacI lacZΔM15 

E. coli strain 

SN152 
arg4∆ LEU2/ leu2∆ HIS1/ his1∆ URA3/ura3∆ ::imm434 

IRO1/iro1∆::imm434 
WT strain from the 
TF KO Collection 

DAY286 
ura3Δ::λimm434/ura3Δ::λimm434 
pARG4::URA3::arg4Δ::hisG/arg4Δ::hisG 
his1Δ::hisG/his1Δ::hisG 

WT strain from the 
Kinase KO Collection 

T0  arg4∆/arg4∆ leu2∆/leu2∆ his1∆/his1∆ 
ura3∆::imm434/ura3∆::imm434 
iro1∆::imm434/iro1∆::imm434 RPS1/rps1∆::pUA709 
(URA3)  

Strain with normal 
mistranslation in 
CUG codon (+/- 3%) 

T1  arg4∆/arg4∆ leu2∆/leu2∆ his1∆/his1∆ 
ura3∆::imm434/ura3∆::imm434 
iro1∆::imm434/iro1∆::imm434 RPS1/rps1∆::pUA702 
(URA3, Sc tLCAG)  

Strain with 
hypermistranslation 
in CUG codon (+/- 
20%) 

T2  arg4∆/arg4∆ leu2∆/leu2∆ his1∆/his1∆ 
ura3∆::imm434/ura3∆::imm434 
iro1∆::imm434/iro1∆::imm434 RPS1/rps1∆::pUA706 
(URA3, Sc tLCAG, Sc tLCAG)  

Strain with 
hypermistranslation 
in CUG codon (+/- 
60%) 

 
3.2.1.2 Laboratory growth conditions 

 
 

E. coli cells were grown at 37ºC in LB (1% peptone from casein, 0.5% yeast 

extract, 1% sodium chloride; Formedium) medium or LB 2% agar (Formedium), 

supplemented with ampicillin (75µg/ml; Nzytech) when necessary. C. albicans were 

grown at 30ºC in YPD (2% glucose, 1% yeast extract, 1% peptone; Formedium). 

Transformed C. albicans strains from the TF KO strains were grown in minimal medium 

(MM) lacking arginine (0.67% yeast nitrogen base, 2% glucose, and 0.2% drop-out 

mixture with all the required amino acids; Formedium) and strains from the Kinase KO 

collection were grown in MM lacking Histine (0.67% yeast nitrogen base, 2% glucose, 

and 0.2% drop-out mixture with all the required amino acids; Formedium). 
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3.2.1.3 Preparation of E. coli competent cells 

 
 For the preparation of competent E. coli cells we used the TFB method(167) and 

the JM109 strain. Initially, 200μl of cells from an overnight culture were inoculated in 

5ml LB medium and incubated at 37ºC with 180 rpm until we obtained an OD600 of 0.3. 

After this, 4 ml of the previous culture were inoculated in 100 ml LB medium and 

incubated at 37ºC with 180rpm until an OD600 of 0.3 was reached. Then, cells were 

collected in two 50 ml falcons and kept on ice for 5 min. The two falcons were then 

centrifuged at 2500 rpm for 5min at 4ºC. Supernatants were rejected, and each pellet was 

resuspended in 20 ml of cold TFB I solution. Tubes were then centrifuged at 2500 rpm 

for 5min at 4ºC. Supernatant was again discarded and each pellet was resuspended in 2.5 

ml of cold TFB II solution. Finally, cells were cooled on ice for 5 min and then distributed 

in 200μl aliquots and frozen at -80ºC. 

 
 

3.2.1.4 PCR Primers 

 
 PCR primers used in this study were purchased from IDT® (Integrated DNA 

Tecnologies) and were diluted in mQ water to a final concentration of 100 pM. The 

primers were designed using the OligoCalc software,  

(http://www.basic.northwestern.edu/ biotools/oligocalc.html) (see Table VIII) (166).  

 

Table VIII-List of primers used in this study. 

Primer 
name 

Detect Primer sequence (5’ 3’) Tm 
(ºC) 

oUA 1515 URA3  GCCCCTTTTACAGTTGAA 46 

oUA 1516 URA3  AGTGACACCATGAGCATT 42 

oUA1545 HIS1 CAGCCTTCTTATTCGGCCTTG 56,1 

oUA1546 HIS1 CGTACTCGCCATCTGCTGG 58,2 

oUA 1554 Integration at RP10 
locus 

CGTATTCACTTAATCCCACAC 51 

oUA 1555 Integration at RP10 
locus 

CCAATTGGTGATGGTCC 50.5 

oUA 1844 ARG4 TTTGCGGCCGCTAGAACTAGCTTGATG 65.1 

oUA 1846 ARG4 TTTACTAGTAGGTATAGAAATGCTGGT 54.5 
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3.2.2 Quantification of LeuRS and SerRS expression levels 
 

The levels of SerRS and LeuRS expression were determined using a gene reporter 

system based on the yeast enhanced GFP (yGFP). The opening reading frame of this 

probe was fused to the promoters of CaSES1 and CaCDC60 genes to allow monitoring 

the transcriptional activity of those promoters by fluorescence microscopy. Additionally, 

the mCherry gene was fused to the promoter of the C. albicans (ACT1) to produce an 

internal control. Plasmids used to transform the TF KO collection and WT strains (pUA 

563, pUA 564) used arginine (ARG4 gene) as a selection marker and the plasmids used 

to transform the kinase KO collection and WT strains (pUA 565, pUA 566) used histidine 

(HIS1 gene) as a selection marker (Table IV).  

 

3.2.3 Quantification of Leu misincorporation at CUG sites 
 

To quantify Leu misincorporation levels in C. albicans strains, we used a gain of 

function fluorescent reporter system also based on yGFP, described by Bezerra et 

al.(155).  This reporter system consists of three different mutations in the yGFP gene 

codon 201, resulting in three different plasmids (pUA 567/570, pUA 568/571, pUA 

569/572). The plasmid pUA 567/570 contains a WT TTA-leucine codon at position 201 

and functions as the positive control; plasmid pUA 568/571 has the Leu codon at position 

201 mutated for the ambiguous CTG codon, thus producing stable GFP when Leu is 

incorporated; plasmid pUA 569/572 encodes a TCT-serine codon producing inactive GFP 

(negative control). These three plasmids were used to transform SN152 and DAY286 

strains respectively (Table IV).  

 

3.2.4 Transformation procedures 

 
   3.2.4.1 E. coli 

 
Transformation of E. coli cells was performed following the Sambrook’s SOC 

method(168). First, 20 µl of ligation reactions using 1:0 to 1:5 vector to insert ratios with 

the vector and insert of interest at 10 ng/ µl were performed. In addition, we used 1 µl of 

DNA Ligase (5U/ µl) (Thermo Scientific), 2 µl of 10x DNA Ligase Buffer (Thermo 

Scientific) and mQ water to complete the volume. Tubes were then incubated at 20ºC for 

4h, followed by an incubation of 10 minutes at 65ºC to inactivate the enzyme. Next, 

ligation reactions were added to 200 µl aliquots of E. coli competent cells. The reaction 
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tubes were incubated on ice for 30 minutes, followed by a heat shock at 42ºC for 90 

seconds and iced again for 2 minutes. After that, 800 µl of SOC medium was added to 

each tube and the tubes were incubated for 1h at 37ºC with agitation of 180 rpm. Next, 

tubes were centrifuged during 1 minute at 2500 rpm. The resulting supernatant was 

discarded, the pellet was homogenized and plated into LB plates supplemented with 

75µg/ml ampicillin. Plates were incubated overnight at 37ºC.  

 
3.2.4.2 C. albicans 

 
Prior to the transformation protocol, plasmids were digested with StuI (Thermo 

Thecnologies) following the recommended reaction conditions, during 4h at 37ºC. 

Transformation of C. albicans was carried out using an improved lithium acetate 

method with minor modifications(169). C. albicans cells were grown overnight in falcon 

tubes containing 10ml liquid YPD medium. These cultures were then diluted into fresh 

YPD medium to an OD600 of 0.3 and grown for about 4h at 30ºC, 180rpm shaking until 

an OD600 of 1-1.2 was reached. Cells were then centrifuged at 4000rpm for 5min, 

supernatants were discarded, the pellets were resuspended in 150µl of LiAc-solution 

(LiAc 1M, TE buffer 10x). 200 µl of the cell suspension, 5 µg of the plasmid DNA of 

interest and 50 µl of carrier single strand DNA (2mg/ml) were added to eppendorfs tubes. 

To these transformation mixtures 600 µl of PEG/LiAc-solution (50% w/w 

polyethyleneglycol, 50% LiAc-solution) were added and briefly vortexed, and incubated 

overnight at 30ºC, followed by incubation for 15min at 44ºC and another incubation on 

ice for 2 min. Cells were pelleted at 4000rpm for 5 min and resuspended in appropriate 

minimal medium.  

Aliquots of 100 µl of cell suspensions were plated onto selective medium plates 

and incubated at 30ºC for 3-4 days. 

 
3.2.5 DNA extraction: 
 

3.2.5.1 Plasmidic purification from E. coli 

 
 For the plasmidic DNA purification from E. coli, we used the “NZYMiniprep” kit 

(Nzytech,). For this, E. coli cells were grown overnight in 10 ml of liquid LB medium 

(Formedium) with ampicillin (75µg/ml; Sigma-Aldrich). The protocol was then followed 

according to the manufacturer instructions. After purification, DNA was quantified using 

the NanoDrop®. Purified plasmids were stored at -20ºC.  
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3.2.5.2 Genomic DNA purification from C. albicans 

 
DNA was extracted from the transformed cells selected in minimal medium, using 

an adaptation of the lyticase method developed by Hoffman and Winston(170). C. 

albicans cells were grown overnight in 5ml of appropriate MM at 30ºC, centrifuged at 

4000rpm for 5min and the supernatant discarded. Then, cells were resuspended in 500 µl 

of Solution I (sorbitol 1M; EDTA-Na2 20 mM; pH 7) and transferred to Eppendorf tubes. 

This step was followed by the addition of 4 µl (10 mg/ml) of lyticase and incubation at 

37ºC for 60 min. Tubes were then centrifuged for 3 min at 13000rpm and the supernatant 

discarded. 500 µl of Solution II (Tris-Hcl 50 mM; EDTA-Na2 20 mM; pH7) and 50 µl of 

SDS were added and the samples were vortexed. This was followed by incubation at 65ºC 

for 30 min. 200 µl of Potassium Acetate at 5 M were added and the tubes were incubated 

on ice for 60 min. The suspensions were centrifuged for 5 min at 13000rpm and the 

supernatants (600 µl) transferred to fresh Eppendorf tube. Then, 1.5V of cold ethanol 

100% and 0.1V of NaCl 5M were added to each tube and these tubes were incubated at   

-30ºC, for 2h. Cold tubes were centrifuged for 5 min at 4000rpm and the supernatants 

were discarded. Pellets were air dried and resuspended mQ water. Finally, the DNA 

concentration was determined using a NanoDrop®. 

 

3.2.6 Confirmation of plasmid DNA integration into the genome  

 
 To confirm plasmid integration into the C. albicans genome, a colony PCR 

method was used. Briefly, individual colonies were picked from selective media and 

homogenized in 5 µl of miliQ water. Next, the suspension was submitted to a denaturation 

step at 95ºC for 5 min. The PCR reagents: 10X Dream Taq Buffer, 10 Mm DNTP´s 

Biorron, 100pmol/ul of the two specific primers (table II), 1x Dream Taq and miliQ water 

were added to a final volume of 15 µl were added. The protocol for the PCR reaction was 

performed in My CyclerTM thermal-cycler (BIO RAD) and consisted of a denaturation step 

at 95ºC for 5 min, 30 cycles of denaturation at 95ºC for 30s, variable annealing 

temperature 30s, extension at 72ºC for 1 min and a final extension step at 72ºC for 5 min. 

PCR products were then checked by electrophoresis, using 1 % agarose gels and 120V. 
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3.2.7 Assay growth conditions 

 
 To quantify SerRS and LeuRS expression as well as leucine incorporation at CUG 

sites, 3 clones from each transformed strain, were selected. Strains were grown overnight 

in a liquid MM to exponential phase in the conditions described in Table IX. Cells from 

these cultures were then spotted onto microscope slides and analysed by epifluorescence 

microscopy. 

 

Table  IX- Conditions used in the stress screening experiments with selected KO’s. 

Assay Stress compound Growth Temperature 

Control pH 7, Sorbitol 0M 30ºC 

Temperature 30ºC 
37ºC        

30ºC 
37ºC 

pH pH 6 
pH 7 

30ºC 
30ºC 

Osmotic stress  Sorbitol 0M 
Sorbitol 0.2 M 

30ºC 
30ºC 

 

3.2.8 Epifluorescence Microscopy  

 
 Fluorescence of the caCDC60 and caSES1 yGFP chimeric reporters was detected 

using a Zeiss Axio Imager 2 light microscope equipped with the 38 HE GFP filter and 63 

HE mRFP. Photographs were taken using an AxionCam HRc camera with an 63x 

objective an AxioCam HRm camera (Zeiss) and AxioVision software (Zeiss) and GFP 

and mCherry intensity was quantified with ImageJ.  

The LeuRS and SerRS expression levels were determined using GFP mean 

fluorescence intensity (± SD) divided by mCherry mean fluorescence (± SD), in 

individual C. albicans cells. Leucine incorporation at CUG sites was quantified by 

calculating the GFP mean fluorescence intensity (± SD) divided by mCherry mean 

fluorescence (± SD) (Equation 1). Values of Leucine incorporation at CUG codons are 

calculated using Equation 2. yGFP fluorescence (intensity/pixel) was determined for at 

least 300 cells for each case. 

 
  



Candida albicans gene mistranslation as a modulator of host-pathogen interaction and pathogenesis 
 

93 
 

3.2.9 Western blot 
 

Protein extracted from strains grown overnight in different stress conditions (table 

IX), at 180rpm, was used for western blot analysis. 10 O.D. of cells, were 

harvested by centrifugation, washed twice in 1x PBS (50 mM potassium 

phosphate, 150 mM NaCl pH 7.2) and resuspended in 0.3 ml of lysis buffer (50 

mM PBS pH 7.0, 1 mM EDTA, 5% Glycerol, 1mM PMSF and EDTA-free protease 

inhibitors from Roche). The suspension was kept on ice, transferred to cryo-tubes 

and 1 volume of glass beads was added and frozen at -80ºC for at least 1h. The cell walls 

were digested using Precellys (2 cycles of 30 seconds in the beater and 5 minutes on ice). 

Then, tubes were centrifuged during 5 minutes at 13000 rpm and supernatants were 

removed into fresh tubes. This suspension was span down again for 10 minutes at 

13000rpm and a clear protein extract was obtained. Protein quantification was carried 

out using the Pierce BCA Protein Assay Kit. Aliquots of about 40 µg of extracted 

proteins were prepared in 15µL 1X SDS gel loading buffer (50mM Tris-HCl pH 6.8, 

100mM DTT, 2% SDS, 0.1% bromophenol blue, 10% glycerol) and stored at -80ºC. 

Aliquots were heated at 95ºC for 5 minutes, before running the gel.  

Samples were fractionated on a denaturing 15% SDS-polyacrylamide gel: 

water, acrylamide/bisacrylamide (29:1) pH 7.0, Tris base, SDS, ammonium 

persulfate (APS) and TEMED. 15% resolving gels and 4% stacking gels were 

routinely prepared and after polymerization were mounted in an electrophoresis 

apparatus, filled with running buffer (25mM Tris base, 250mM glycine pH 8.3, 0.1% 

SDS). 40 µg of each of the samples were loaded into the wells. The gels were run at 80 

V until the dye front moved into the resolving gels; then the voltage was increased to 

150V, until the dye reached the bottom of the gel (less than 2 hours).  

The proteins were transferred to a membrane using a transblot apparatus and 

blocked with a solution of 5% BSA-TBST during 1h. The primary antibody ligation was 

performed with a solution of anti-LeuRS and anti-SerRS 1:2000 (in TBS-T) during 2h 

with agitation. Then, membranes were washed 3 times with TBS-T, for 10 minutes, and 

incubated in the appropriate secondary antibody, namely an anti-rabbit 1:10000 (in TBS-

T). Finally, other 3 TBS-T washes were carried out in the dark for 10 minutes and signal 

detection was performed using the Odyssey Infrared Imaging System (LI-COR 

Biosciences). 
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3.2.10 RNA extraction 
 

 Total RNA was extracted from the strains grown in different growth conditions 

(table IX), using a phenol-chloroform extraction method. Cells were harvested after 

overnight growth in YPD (10.O.D), washed with PBS and frozen for at least 1h. Lysis 

was performed in a water-bath, with Phenol/Chloroform (5:1, pH 5,4) -TES buffer (10 

mM Tris pH 7.5, 10 mM EDTA, 0.5% SDS), in the same proportion at 65ºC, with 

agitation at every 10min during 1h.  The samples were centrifuged at 4ºC at 10.000rpm 

and the aqueous phase was transfered to a new tube and 1V of Phenol/Chloroform (5:1, 

pH 5,4) was added twice; Then 1V of chloroform/alcohol Isoamyl (24:1) was added. 

Finally, the aqueous phase was mixed with 2V of ethanol (100%V/V) and 0,1V of sodium 

acetate 3M (RNAse free) to precipitate of RNA at -20ºC, during 2h, or overnight. After 

centrifugation (8000g for 10min at 4ºC) the supernatant was excluded, and tubes were 

dried on air at room temperature. RNA was dissolved in DEPC water and quantified using 

the bioanalyzer®, chips and protocol. 

 

3.2.11 RT-PCR 
 

cDNAs were produced from total RNA using a Superscript IV enzyme follow the 

life technologies protocol using 50µM of oligo d(T)20. The PrimeTime® Gene Expression 

Master Mix and Primers and Probes specific for detecting caCDC60, caSES1 and ACT1 

genes, were used for the cDNA quantification following the protocol from IDT®. The 

reactions were carried out in a 7500 Real-Time PCR System (Thermo Fisher Scientific) 

in 96-multiwells varying the temperature between 95ºC and 60ºC during 40 cycles. 

TaqMan® probes depend on the 5'- nuclease activity of the DNA polymerase used 

for PCR to hydrolyze an oligonucleotide that is hybridized to the target amplicon. 

TaqMan® probes are oligonucleotides with a fluorescent reporter dye attached to the 5' 

end and a quencher moiety coupled to the 3' end. These probes are designed to hybridize 

to an internal region of a PCR product. In the unhybridized state, the proximity of the 

fluorophore and the quench molecules prevents the detection of fluorescent signal from 

the probe by FRET (Forster/Fluorescence Ressonance Energy Transfer). During PCR, 

when the polymerase replicates a template on which a TaqMan probe is bound, the 5'- 

nuclease activity of the polymerase cleaves the probe. This decouples the fluorescent and 

quenching dyes and FRET no longer occurs and fluorescence can be measured it increases 
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in each cycle, in a proportional amount of probe cleavage(186). This characteristic 

increases the sensibility. 

There are two methods to quantify the mRNA by real-time RT-PCR; the standard 

curve method (absolute quantification) and the comparative threshold method (relative 

quantification). The standard curve method requires a construction of a standard curve 

from an RNA of known concentration. This curve is then used as a reference standard for 

extrapolating quantitative information for mRNA targets of unknown concentrations. The 

use of quantitated RNA standards will help generate absolute copy number data (186). 

Another method of presenting quantitative real-time PCR data is the comparative CT 

method (also known as the 2-ΔΔCT method). This method involves comparing the Ct values 

of the samples of interest with a control (or calibrator) and makes several assumptions, 

including that the efficiency of the PCR is close to 1. This is the method most used when 

it is unnecessary to present data as absolute copy number and relative expression will 

suffice because an absolute quantification includes the increased effort to generate 

standard curve. 

 

3.2.12 Growth rate 
 

To evaluate the fitness of strains, growth curves were performed in triplicate by 

inoculating 20mL of YPD with 0.01 O. D. from each strain and growing them in 100mL 

Erlenmeyer’s in an orbital incubator at 180rpm. After the 9th hour of growth and from 

hour to hour, we take samples to quantify the O.D. on a microplate, at 595 nm. The growth 

rate corresponds to the slope of the linear growth curve, i.e., the exponential phase. 

The growth rate and the specific duplication time or generation of a microbial 

population are closely related to each other. The value of one can be calculated from the 

knowledge of the value of the other, based on Equation 3 and 4. 

 

Equation 3 and 4: Calculation of growth rate and duplication time. 

(3)      (4) 

                                                        

 

  



Candida albicans gene mistranslation as a modulator of host-pathogen interaction and pathogenesis 
 

96 
 

3.2.13 Co-cultures of C. albicans with THP-1 
 

To perform co-culture of Candida albicans and immune cells, we choose the 

THP-1(ATCC® TIB-202™) monocytes line, which was maintained in culture according to 

ATCC indications in RPMI 1640 (GibcoTM) medium supplemented with 10% FBS 

(GibcoTM), HEPES (GibcoTM), 100mM Sodium Pyruvate (GibcoTM), and Minimum 

Essential Media Non-Essential Amino Acids (MEM NEAAS from GibcoTM) in culture 

flasks at 37 ° C and 5% CO2, in the IBIMED cell culture facility. All assays were done at 

Passage 2. 

The co-culture assays were performed in a 24-Multiwell plate with approximately 

1x106 cells from THP-1 mixed with C. albicans cells (concentration of 0,4 O.D), for 90 

or 180min at 37ºC with 5% of CO2 in presence/absence of antifungals (Table X). Control 

growth was done only with C. albicans cultured in RPMI + FBS medium, without contact 

with THP-1 or antifungal cells. The cells were harvested, centrifuged, decanted and 

washed with PBS, and fixed with 4% of Formaldehyde in PBS during 1h at room 

temperature. Finally, cells were centrifuged, decanted and washed with PBS and placed 

on a glass slide covered with poly L-lysine (10µL) and air dried. After drying, the spots 

were covered by a drop of Fluoroshield® and a coverslip. Epifluorescence microscopy 

was used to determine the % of Leucine inserted at CUG 201 sites with the reporter 

system explained earlier.  

 

Table X-Organization of different cultures of Candida albicans. 

Candida Strains Monocytes Supplement Time 
SN152, RPH2, 

HAP31, 
DAY286 and CBK1 

THP-1 - 90min 

SN152, RPH2, 
HAP31, 

DAY286 and CBK1 

THP-1 - 180min 

SN152, RPH2, 
HAP31, 

DAY286 and CBK1 

THP-1 Amphotericin B 0,4µg/mL 
Caspofungin 0,24µg/mL 

Fluconazol 0,5µg/ml 

90min 

SN152, RPH2, 
HAP31, 

DAY286 and CBK1 

THP-1 Amphotericin B 0,4µg/mL 
Caspofungin 0,24µg/mL 

Fluconazol 0,5µg/ml 

180min 

SN152, RPH2, 
HAP31, 

DAY286 and CBK1 

THP-1 Tavaborole 0,1µg/mL 
 

90min 

SN152, RPH2, 
HAP31, 

THP-1 Tavaborole 0,1µg/mL 
 

180min 
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DAY286 and CBK1 
SN152, RPH2, 

HAP31, 
DAY286 and CBK1 

- Amphotericin B 0,4µg/mL 
Caspofungin 0,24µg/mL 

Fluconazol 0,5µg/ml 

90min 

SN152, RPH2, 
HAP31, 

DAY286 and CBK1 

- Amphotericin B 0,4µg/mL 
Caspofungin 0,24µg/mL 

Fluconazol 0,5µg/ml 

180min 

SN152, RPH2, 
HAP31, 

DAY286 and CBK1 

- Tavaborole 0,1µg/mL 
 

90min 

SN152, RPH2, 
HAP31, 

DAY286 and CBK1 

- Tavaborole 0,1µg/mL 
 

180min 

SN152, RPH2, 
HAP31, 

DAY286 and CBK1 

- - - 

 
 
3.2.14 Preparation of proteins for mass spectrometry analysis: 
 

To perform this assay, the strains chosen before (SN152, RPH1, HAP31, DAY286 

and CBK1) and 3 other control strains tested before in the host laboratory (T0, T1 and 

T2) were grown overnight at 37ºC in YPD, at 180 rpm. 10 O.D., of cells were harvested 

by centrifugation, washed twice in 1x PBS (50 mM potassium phosphate, 150 mM NaCl 

pH 7.2) and resuspended in 0.3 ml of lysis buffer (50 mM PBS pH 7.0, 1 mM EDTA, 5% 

Glycerol, 1mM PMSF and EDTA-free protease inhibitors from Roche). The suspension 

was kept on ice, transferred to cryo-tubes and 1 volume of glass beads were added and 

frozen at -80ºC for at least 1h. The cell walls were digested using Precellys (2 cycles of 

30 seconds in the beater and 5 minutes on ice). Then, tubes were centrifuged during 5 

minutes at 13000 rpm and supernatants were removed into new tubes. This suspension 

was span down again for 10 minutes at 13000rpm and a clear protein extract was obtained. 

Protein quantification was carried out using the Pierce BCA Protein Assay Kit. Aliquots 

of about 250 µg of extracted proteins were prepared in 15µL 1X SDS gel loading buffer 

(50mM Tris-HCl pH 6.8, 100mM DTT, 2% SDS, 0.1% bromophenol blue, 10% glycerol) 

and stored at -80ºC. Before use aliquots were heated at 95ºC for 5 minutes immediately 

before running the gel.         

 Samples were fractionated on a denaturing 15% SDS-polyacrylamide gel: 

water, acrylamide/bisacrylamide (29:1) pH 7.0, Tris base, SDS, APS and TEMED. 15% 

resolving gels and 4% stacking gels were routinely prepared and after polymerization 

were mounted on an electrophoresis apparatus filled with running buffer (25mM Tris 

base, 250mM glycine pH 8.3, 0.1% SDS). 250 µg of total protein of each sample were 
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loaded into the wells. The gels were run at 120 V until the dye front moved into the 

resolving gels; then the voltage was increased to 300V, until the dye reached the bottom 

of the gel (less than 3 hours). 

The gel was fixed using the following solution: water 40%, ethanol 50%, and 

acetic acid glacial 10%, during at least 30minutes. Gels were stained with coomassie blue 

for 1 hour at room temperature and distained immediately with at least five changes of 

solvent: water 70%, ethanol 20%, and acetic acid glacial 10%, in 2 hours or overnight.  

Protein bands were manually excised from the gel and transferred to Eppendorf 

tubes. The gel pieces were washed once with 25 mM ammonium bicarbonate, 3 times 

with 25 mM ammonium bicarbonate/50% acetonitrile (ACN, VWR Chemicals) and once 

with ACN (30 min each wash). Cysteine residues were reduced with 10 mM DTT (45 

min at 56 ºC) and alkylated with 55 mM iodo-acetamide (30 min at RT). The gel pieces 

were washed once with 25 mM ammonium bicarbonate, once with 25mM ammonium 

bicarbonate/50% ACN (15 min) and once with ACN (10 min). Gel pieces were dried for 

at least 15 min and rehydrated in digestion buffer containing 12.5 µg. mL-1 sequencing 

grade modified trypsin (AbSCIEX) in 50 mM ammonium bicarbonate. Proteins were 

digested as recommended by Shevchenko, et al,(171) with few modifications. Trypsin 

was added at an enzyme-to-substrate ratio of 1:50 (w/w). After 45 min on ice, the 

supernatant was removed and discarded, 50 μL of 50 mM ammonium bicarbonate were 

added and the samples were incubated overnight at 37ºC. Extraction of tryptic peptides 

was performed by washing once with 5% formic acid (FA, Fluka) and twice with 5% 

FA/50% ACN (20 min each wash). Tryptic peptides were lyophilized in a SpeedVac 

(Thermo Savant) and resuspended in 1% FA solution. The samples were analyzed with a 

QExactive Orbitrap (Thermo Fisher Scientific, Bremen) through the EASY nano spray 

ESI source (Thermo Fisher Scientific, Bremen) coupled to an Ultimate 3000 HPLC 

system (high-pressure liquid chromatography) (Dionex, Sunnyvale, CA). The trap (5 mm 

× 300 µm) and the EASY-spray analytical columns (150 mm × 75 µm) used were C18 

Pepmap100 (Dionex, LC Packings) with a particle size of 3 µm. Peptides were trapped at 

30 μl/min in 96% solvent A (0.1 % FA). Elution was achieved with the solvent B (0.1 % 

formic acid/80% acetonitrile v/v) at 300 nl/min. The 92 min gradient used was as follows: 

0–3 min, 96% solvent A; 3–70 min, 4–25% solvent B; 70–90 min, 25–40% solvent B; 

90–92 min, 90% solvent B; 90–100 min, 90% solvent B; 101-120 min, 96% solvent A. 

The mass spectrometer was operated at 2.3 kV in the data dependent acquisition mode. A 



Candida albicans gene mistranslation as a modulator of host-pathogen interaction and pathogenesis 
 

99 
 

MS2 method was used with a FT survey scan from 400 to 1600 m/z (resolution 70,000; 

AGC target 1E6). The 10 most intense peaks were subjected to HCD fragmentation 

(resolution 17,500; AGC target 5E4, NCE 28%, max. injection time 100 ms, dynamic 

exclusion 35 s).  

 
3.2.15 Proteome Profiling 

Detection of amino acid misincorporations was performed using the SPIDER 

algorithm of PEAKS Studio 8.0 analysis for MS/MS raw data (v.8.0, Bioinformatics 

Solutions Inc.). Samples were searched against the C. albicans genome available at the 

Candida Genome Database (version of July 2018), a list of common contaminants and 

the corresponding decoy entries. Trypsin was chosen as digestion enzyme and a 

maximum of 3 missed cleavages were allowed. Carbamidomethylation was set as a fixed 

modification, whereas oxidation of methionine (M) and Ser→Leu substitution, were set 

as variable modifications. Searches were performed using mass tolerances of 7 ppm for 

parent ions and 20 mmu for fragment ions. Resulting data files were filtered for FDR of 

1%. Data sets of the technical replicates were merged in a single dataset. Amino acid 

misincorporations were validated by bioinformatically introducing misincorporations 

into a new database and re-searching as in Proteome Profiling. To reduce the number of 

false positives, only new proteins with mutant peptides identified in the second search 

and filtered with 1% FDR were considered as valid amino acid misincorporations. This 

was done to reduce the number of false positives. 

3.2.16 Bioinformatic Pipeline 
 

A. Raw data analysis (PEAKS Software, RStudio and Perl) 

Firstly, the raw data from MS was analyzed using the PEAKS’s tools: SPIDER 

and searched for PTM and peptide mutations (FDR 1% and 1 unique peptide). File 

“protein-peptides.csv” was exported the script “PeaksResults_to_FastaforValidation.R” 

was run. This script uses “protein-peptides.csv” as input file and generates an output file 

called “uniprot-proteome%xxxx.fasta”, using some intermediate files and the file 

“protein-peptides_onlySub.txt”, using the “finalfasta” and “uniprot-

proteome%xxx.fasta”. 
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In the next step we used the script “create_mutated_peptide_new_21092018.R” 

using an input file “protein-peptides_onlySub.txt” producing the output file “protein-

peptides_onlySub_allSeq.csv”. 

 

B. Validation (PEAKS Software, RStudio and Eclipse Java) 

To validate the data a second run with PEAKS’s tool, DB Search, was performed 

and removed check boxes for PTM and mutations search (FDR PSMs 1% and 1 unique 

peptide). New files “protein-peptides.csv”, one for each sample and run the script 

“ValidationMatch.R” that uses as input files “protein-peptides_onlySub_allSeq.csv” 

(obtained earlier) and “protein-peptides.csv” (from the validation at PEAKS) were 

extracted. This script created as output file “protein-peptides_onlyvalidatedSub.csv” that 

was used to generate de file “ids_mapped.txt”, with the input files: “proteinsA.txt”, 

“refseqA.txt”, “proteins_short.txt” using the java tool Eclipse. With the input files 

“protein-peptides_onlyvalidatedSub.csv” and “ids_mapped.txt” obtained earlier the 

script “codonsAnalysis_02102018.R” was used to generate the output file 

“tablefinalproteomics.csv”. with the information of all substitutions found. 

C. Relative codon Usage (PEAKS Software, RStudio and Eclipse Java) 

To calculate the  relative level of serine at each codon site, we run the script 

“Totalcodonsoccurence”, using as input files the ids_mapped.txt (list of the uniprot IDS 

and the refseq IDS that we provide using Eclipse Java) and noSubst.txt (the list of PEAKS 

software) with the information “uniprotID”, “peptide”, ”Start”, “End”, “Length”. This 

produced the file “FINALCOUNTS_SERINE.txt" containing the total number of serines 

for each serine codon and CUG. This value and the number of substitutions allowed us to 

calculate the % of mistranslation at each codon position.  These scripts are in the annex 

section of the thesis. 

 

3.2.17 Statistical Analysis 

 
All statistical analysis was performed using the GraphPad Prism version 6.0 

software for windows. Routinely three clones were tested for each strain and growth 

conditions. Statistical comparisons between the KO strains and the control WT strain 

were carried out using one-way ANOVA followed by a Dunnett comparison test with 

95% interval with the control (****p<0.0001,***p<0.001, **p<0.01, *p<0.05). 

Heatmaps were generated using the MeV software version 4.9 for windows.  
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3.3-Results 
 

3.3.1 Transcriptional regulators of LeuRS and SerRS expression  

 
The selection of putative transcriptional regulators of LeuRS and SerRS expression 

was performed by bioinformatically searching TF binding site present in promoter DNA 

sequences (1000bp upstream of the AUG initiator) of the CaCDC60 (LeuRS) and 

CaSES1 (SerRS) genes. For this, promoter sequences were submitted to the online tool 

motive finder “Find TF Binding Site” from the YEASTRACT database(187) (in 2014). 

Currently, there is a new tool called PathoYeastract - http://pathoyeastract.org database; 

a tool for the analysis and prediction of transcription regulatory associations at the gene 

and genomic levels in the pathogenic yeasts C. albicans and C. glabrata. This data base 

includes more than 28,000 unique documented regulatory associations between 

transcription factors and target genes and 107 DNA binding sites, reflecting 134 TFs in 

both species. This database has bioinformatics tools that enable the user to exploit the 

existing information to predict the TFs involved in the regulation of a gene or genome-

wide transcriptional response, while ranking those TFs in order of their relative 

importance(188). After this, the Candida Genome Database website 

(http://www.candidagenome.org)(189) was searched to identify orthologs of TFs in C. 

albicans (Table XI). This screening produced a list of 27 TFs with putative binding 

motifs in the CaSES1 and CaCDC60 genes promoters.  

The identification of putative protein kinases that regulate the LeuRS and SerRS 

expression was performed using the information available in the bibliography and the 

candida genome database(189). A list of 22 protein kinase potentially relevant were 

identified. (Table XII). 

 

 

 

 

 

 

  



Candida albicans gene mistranslation as a modulator of host-pathogen interaction and pathogenesis 
 

102 
 

Table XI-List of the C. albicans TFs selected for this study using the Yeastract database. 

TF ORF 
Gene Name 
(C. albicans) 

S. cerevisiae 
ortholog 

Description SerRS LeuRS 

4 19.1253 PHO4 PHO4 
bHLH transcription factor of the myc-
family 

X  

8 19.2730 RPH2 GIS1 
Has domains with predicted zinc ion 
binding activity 

 X 

13 19.3308 STB5 STB5 
Putative transcription factor with zinc 
cluster DNA-binding motif 

X X 

16 19.3809 BAS1 BAS1 
Putative transcription factor with zinc 
cluster DNA-binding motif 

X  

18 19.3912 GLN3 GLN3 
GATA transcription factor, involved 
in regulation of nitrogen starvation-
induced filamentous growth;  

X  

34 19.4722 RTG1 RTG1 
RNA polymerase II transcription 
factor involved in regulation of 
galactose catabolism genes;  

X  

39 19.5001 CUP2 CUP2 
Putative copper-binding transcription 
factor 

X  

69 19.7372 MRR1 HAP1 
Zn (II)2Cys6 transcription factor; 
regulator of MDR1 transcription 

X X 

73 19.7583 ZCF39 STB5 Zn (II)2Cys6 transcription factor X X 

79 19.517 HAP31 HAP3 
CCAAT-binding transcription factor; 
regulates CYC1 

X  

80 19.681 HAP43 HAP4 
CCAAT-binding factor-dependent 
transcription factor 

X  

83 19.971 SKN7 SKN7 
Predicted to be a response regulator 
protein in a phosphorelay signal 
transduction pathway 

X X 

87 19.1228 HAP2 HAP2 CCAAT-binding transcription factor X  

93 19.1973 HAP5 HAP5 
Component of CCAAT-
bindingtranscription factor 

X  

108 19.4647 HAP3 HAP3 
Predicted CCAAT-binding 
transcription factor that regulates 
respiration 

X  

109 19.4752 MSN4 MSN4 
Zinc finger transcription factor; like S. 
cerevisiae Msn4. 

 X 

112 19.5343 ASH1 ASH1 GATA-like transcription factor X X 

115 19.5908 TEC1 TEC1 TEA/ATTS transcription factor  X 

136 19.173 CR_02510W AZF1 
C2H2 transcription factor; induced by 
Mnl1 under weak acid stress 

X  

140 19.1623 CAP1 YAP1 AP-1 bZIP transcription factor X X 

142 19.2315 RTG3 RTG3 
Putative transcription factor with bZIP 
DNA-binding motif 

X  

149 19.2315 ZCF5 HAP1 Zn (II)2Cys6 transcription factor X X 

157 19.1150 C1_11690W GLN3 GATA-like transcription factor X X 

162 19.4961 STP2 STP2 
Amino-acid-regulated transcription 
factor 

X X 
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Table XII- List of the C. albicans Kinases selected for this study using the literature. 

 
Plate 
Position 

Kinase  
C. albicans 
Gene name 

ORF. S. cerevisiae  
homologue 

Description 

P1C11 SSN3 orf19.794 SSN3 Putative cyclin-dependent protein kinase; with 
protein phosphatase Ptc2p controls hyphal 
elongation through phosphorylation of 
transcription factor Ume6p and its stability; 
mutants are sensitive to growth on H2O2 
medium 

P1D8 S.c.SLN1 orf19.3256 SLN1 Histidine kinase involved in a two-component 
signaling pathway that regulates cell wall 
biosynthesis; mutants are sensitive to growth 
on H2O2 medium; rat catheter and Spider 
biofilm induced 

P1E4 KIS1 orf19.4084 GAL83 Snf1p complex scaffold protein; interacts with 
Snf4p; mutants are hypersensitive to 
caspofungin and hydrogen peroxide; Hap43p-
repressed gene 

P1E6 HNT1 orf19.2341 HNT1 Histidine triad nucleotide-binding protein; 
protein level decreases in stationary phase 
cultures 

P1E12 SWE1 orf19.4867 SWE1 Putative protein kinase with a role in control of 
growth and morphogenesis, required for full 
virulence; mutant cells are small, rounded, and 
sometimes binucleate; not required for 
filamentous growth; mutant is hypersensitive 
to caspofungin 

P1F3 Cex1 orf19.3744 Cex1 Ortholog(s) have tRNA binding activity, role 
in tRNA export from nucleus and cytoplasm, 
nuclear pore localization 

P1F8 CBK1 orf19.4909 CBK1 Ser/Thr kinase of cell wall integrity pathway; 
mutants show abnormal morphology and 
aggregation; Mob2p associated; required for 
wild-type hyphal growth and transcriptional 
regulation of cell-wall-associated genes  

P1F9 CLA4 orf19.4890 CLA4 Ste20p family Ser/Thr kinase required for 
wild-type filamentous growth, organ 
colonization and virulence in mouse systemic 
infection; role in chlamydospore formation; 
functional homolog of S. cerevisiae Cla4p; 
mutant caspofungin sensitive 

P1F12 HSL1 orf19.4308 HSL1 Probable protein kinase involved in 
determination of morphology during the cell 
cycle of both yeast-form and hyphal cells via 
regulation of Swe1p and Cdc28p; required for 
full virulence and kidney colonization in 
mouse systemic infection 

P1G2 KSP1 orf19.4432 KSP1 Putative serine/threonine protein kinase; 
mRNA binds She3 and is localized to hyphal 
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tips; mutation confers hypersensitivity to 
amphotericin B 

P1G9 GCN2 orf19.6913 GCN2 Translation initiation factor 2-alpha 
(eIF2alpha) kinase;  

P1G12 SAT4 orf19.3854 SAT4 Amphotericin B induced; clade-associated 
gene expression; Spider biofilm induced  

P1H3 PRR1 orf19.4347 PRR1 Putative serine/threonine protein kinase; 
Hog1p-induced 

P2A1 RIM15 orf19.7044 RIM15 Protein serine/threonine with kinase activity  
P2A5 TPK2 orf19.2277 TPK2 cAMP-dependent protein kinase catalytic 

subunit; isoform of Tpk1; involved in 
regulation of filamentation, phenotypic 
switching and mating; needed for epithelial cell 
damage, engulfment and oral virulence in mice 

P2B3 RCK2 orf19.2268 RCK2 Predicted MAP kinase-activated protein 
kinase, induced by osmotic stress via Hog1p; 
macrophage/pseudohyphal-repressed; mutants 
are sensitive to rapamycin 

P2B5 SLN1 orf19.3256 SLN1 Histidine kinase involved in a two-component 
signaling pathway that regulates cell wall 
biosynthesis; mutants are sensitive to growth 
on H2O2 medium; rat catheter and Spider 
biofilm induced  

P2B7 STE11 orf19.844 STE11 mutants are sensitive to growth on H2O2 
medium 

P2C4 SSN8 orf19.7355 SSN8 Ortholog of S. cerevisiae Ssn8; a component of 
RNA polymerase II holoenzyme; mutants are 
viable and are sensitive to hydrogen peroxide 
medium 
 

P2D4 VPS34 orf19.6243 VPS34 Autophosphorylated class III 
phosphatidylinositol 3-kinase; required for 
normal vesicle transport, hyphal growth, 
fibroblast adherence, virulence in mouse 
systemic infection; growth-regulated; 
caspofungin and hydrogen peroxide sensitivity 

P2D5 MKC1 orf19.7523 STL2 MAP kinase; role in biofilm formation, 
contact-induced invasive filamentation, 
systemic virulence in mouse, cell wall 
structure/maintenance, caspofungin response; 
phosphorylated on surface contact, membrane 
perturbation, or cell wall stress 

P2F5 HOG1 orf19.895 HOG1 MAP kinase of osmotic-, heavy metal-, and 
core stress response; role in regulation of 
response to stress; phosphorylated in response 
to H2O2 or NaCl; acts as repressor of START; 
mutant induces protective mouse immune 
response 

 
 

  



Candida albicans gene mistranslation as a modulator of host-pathogen interaction and pathogenesis 
 

105 
 

3.3.2- Quantification of LeuRS and SerRS expression and CUG ambiguity 
 

 Strains with deletions in TF genes were transformed with plasmids pUA563 and 

pUA564, to evaluate the expression caSES1 and caCDC60 genes, respectively. The same 

strains were further transformed with the plasmids pUA567, pUA568 and pUA569, to 

evaluate the amount of leucine inserted at CUG codon site 201 of GFP, this system works 

as a positive control, a negative control and a reporter plasmid(190). 

 The same experimental design was used for kinase gene KO strains, but since the 

strains background was different (BWP17 like strain, instead of SN152 used in the 

previous collection), the auxotrophic marker of arginine had to be changed to histidine. 

Thus, to evaluate the expression of the caSES1 and caCDC60 gene promoters, the 

plasmids pUA565 and pUA566 were used. While for evaluating the amount of leucine 

inserted in CUG codons, the triple system referred above, composed by the plasmids 

pUA570, pUA571 and pUA572, was used. 

 DNA was extracted to confirm the transformation and the oligos, oUA1554, 

which amplify next to the RP10 locus zone, and oUA1555, which amplify inside GFP 

ORF, where used. In this case, polymerization only took place if the plasmid DNA  was 

integrated in the RP10 locus. In other words, if a band was found on the agarose gel, after 

electrophoresis, the integration of the plasmid DNA was established and the 

transformation of the strains in question was confirmed (see in the annex Figure 46). 

 SerRS and LeuRS levels was evaluated indirectly by quantifying the mRNAs 

expressed by the respective promoters. The level of expression was directly proportional 

to the fluorescence of the cell, quantified by fluorescence microscopy (Figure 24). 
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A)      B) 
 
                                                                

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24- Heatmaps for the ratio of the expression activity of the caCDC60 and caSES1 promoters. A) 
TF strain collection. B) Kinase strains collection. The cells were grown at 37ºC, 0M of Sorbitol and pH7 
and the ratios are arranged in ascending order. 

 

The caCDC60 and caSES1 promoter activities were calculated as a (LEU/SER) 

ratio in different assays. In other words, the ratio of the mCherry normalized GFP values 

to the values of caCDC60/caSES1 promoters activity values was calculated for all strains 

according the Equation 1. This ratio for the WT strain was defined as being 1. Thus, 

strains having a value greater than 1 had higher caCDC60 promoter activity or lower 

activity values of the caSES1 promoter (or both) relative to WT. Whereas for strains 

presenting values below 1, the inverse was true. 

 

Equation 1- Ratio of caCDC60 and caSES1 promoter’s activity. 

𝑅𝑎𝑡𝑖𝑜 = (
𝐺𝐹𝑃 𝑜𝑓 𝐶𝐷𝐶60

𝑚𝑐ℎ𝑒𝑟𝑟𝑦 𝑜𝑓 𝐶𝐷𝐶60
)/

𝐺𝐹𝑃 𝑜𝑓 𝑆𝑒𝑠1

𝑚𝑐ℎ𝑒𝑟𝑟𝑦 𝑜𝑓 𝑆𝑒𝑠1
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If a KO strain had a ratio, significantly inferior to 1, in relation to the WT strain, 

the expression of caCDC60 was decreased comparatively to caSES1, i.e., the TF or 

Kinase in the WT strain is an activator of the caCDC60 promoter or a repressor of the 

caSES1 promoter (or both). If, the KO strain, showed a ratio significantly higher than 1, 

it indicated that the expression of caCDC60 was increased in relation to caSES1, relative 

to the WT. This TF or kinase was acting as a repressor of the caCDC60 promoter or 

activator of the caSES1 promoter (or both) in the WT strain. Finally, if the ratios were not 

statistically different from 1, the activator / repressor activity could not be assigned to the 

TF or kinase being studied.  

In the KO strains collection of TFs, there was bigger variability in promotor 

activity, with KO strains having ratio < 1 for RTG3, ASH1 and CAP1 and ratio > 1 in the 

RPH2, SKN7, STB5 and PHO4. While in the KO strains collection of kinases ratio >1 

was the main trend, especially for GCN2, CBK1 and STE11 (Figure 24).  

The TF strains that exhibited the highest ratio differences relative to the WT in 

particular ΔRPH2, had a binding motif of Rph2 in the CaCDC60 promoter while ΔRTG3 

had a binding motif of Rtg3 in the CaSES1 promoter. Thus, we can infer that Rph2 is a 

repressor of the CaCDC60 in the WT strain, while Rtg3 is an activator of the CaSES1, 

promoter since the gene KO resulted in repression of the expression of CaSES1 and by 

the fact that Rtg3 does not bind to CaCDC60 promoter.  

 

3.3.3-Protein expression levels 
 

The above results were confirmed by quantifying the levels of the LeuRS and 

SerRS by western blot analysis using polyclonal antibodies against these enzymes and 

quantifying the signal using the Odyssey system (see Figure 47 in annex). The results 

show a ratio of anti-LeuRS/SerRS antibody, normalized to the WT (ratio defined as 1). 

Once again, if a KO strain, showed a ratio significantly < 1, the levels of LeuRS were 

lower relative to those of SerRS, i.e., that TF or Kinase, was an activator of the expression 

of the LeuRS gene or repressor of the expression of the SerRS gene in the WT strains. On 

the other hand, if the KO strain had a ratio of LeuRS/SerRS significantly >1, the amount 

of LeuRS was increased relative to that of the SerRS, i.e., that TF or kinase was a 

repressor of the LeuRS or activator of the SerRS expression in the WT strain. If the ratios 

were not statistically different from 1 an activator/repressor character could not be 

associated to the TF or kinase.   
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In both KO collections the strains having LeuRS/SerRS ratio <1 were TF Cap1 

and Kinases Hsl1, Rim15 or Hog1. Ratios >1 were observed for the TFs Rph2, Hap family 

and Stb5, and for the Kinases Cbk1 or Sat4 (close to 1,5) (Figure 25).  
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Figure 25- Ratio of LeuRS/SerRS expression in the KO strains, normalized to WT strain. A) TF collection. 
B) Kinase collection. The cells grown at 37ºC, 0M of Sorbitol and pH7. 

 
3.3.4-mRNA Quantification 

 

An alternative way to evaluate the differences in activity between the LeuRS and 

SerRS synthetases was to measure the amount of both mRNA, by RT-PCR. This method 

is the most sensitive to detect and quantify mRNA. The expression of mRNA of each 

synthetase was quantified, using a TaqMan® probe and the comparative CT method (see 

methods).  

Total RNA was extracted and the mRNA of both synthetases was converted to 

cDNA and quantified by RT-PCR. Values were presented as a ratio of fold changes 

between caCDC60/caSES1 (fold change KO/WT of caCDC60/ fold change KO/WT of 

caSES1). The caCDC60/caSES1 ratio of WT strains was defined as 1. For the KO strains 

collection ratio significantly >1 indicate upregulation of caCDC60 and /or 
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downregulation  the caSES1, relative to the WT, i.e., it indicates that the up regulation of 

caCDC60 in the KO strain relative to that of caCDC60 in the WT strain, was higher than 

the fold change of caSES1 in the KO strain relative to caSES1 in the WT strain. In other 

words, the TF or Kinase acted as a repressor of the LeuRS mRNA expression or an 

activator of the SerRS mRNA expression in the WT strain.  

On the other hand, in strains where the ratio caCDC60/caSES1 was significantly 

<1, the fold change of caCDC60 was smaller than the fold change of caSES1 relative to 

the WT, as above for the fluorescence and western blot quantification. So, in the WT 

strain this TF or kinase was an activator of caCDC60 mRNA expression or a repressor of 

the SerRS mRNA expression.  

Strains with caCDC60/caSES1 ratio >1 were RPH2 and HAP31 of the TFs KO 

collection and KSP1, PRR1, RCK2, RIM15 and CBK1 of the Kinase KO collection. 

Strains with caCDC60/caSES1 ratio significantly <1 were not detected (Figure 26Figure 

26-).   
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Figure 26- Ratio of caCDC60/caSES1mRNA levels for KO normalized to WT strain. A) TF collection. B) 
Kinase collection. Cells were grown at 37ºC, 0M of Sorbitol and pH7. 
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3.3.5- Leucine incorporation at CUG codon sites 
 

In this assay, the fluorescence of GFP and mCherry (internal control) of the 

different strains, transformed with 3 different plasmids was quantified (see methods). A 

positive control, plasmid containing the WT GFP (Leu201), a negative control, plasmid 

having GFP (Ser201) and the reporter plasmid had a CUG codon at position 201 of the 

GFP gene were used. There was emission of fluorescence whenever leucine was inserted 

at the CUG codon 201 site and no fluorescence if Ser was inserted at this site. The 

percentage of leucine was calculated according to Equation 2 and fold change of 

percentage of leucine was measured and results were normalized relative to WT (WT=1). 

For the KO collection of TFs strains, the RPH2 and HAP31 strains showed highest 

fold levels of leucine incorporation at CUG 201, even as the kinases, the KSP1, PRR1, 

RCK2, SLN1, STE11, SSN8 and CBK1 strains. KO strains that had the lowest levels of 

Leu incorporation were the CAP1 and ZCF5 strains from TF KO collection and RIM15 

strain from Kinase KO collection relative to the respective WT (Figure 27). 
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Figure 27- Fold-change of leucine incorporation at CUG codon site normalized to WT. A) TF collection. 
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B) Kinase collection. Cells were grown at 37ºC, 0M of Sorbitol and pH7. 
 

3.3.6- Quantification of Leu and Ser incorporation at CUGs by MS 
 

Since some of the KO strains systematically showed the same LeuRS and SerRS 

expression trends in the different assays, which could be an indication that they would in 

fact have some role, controlling the expression of these tRNA synthetases, or at least in 

the variation of the insertion of the leucine at CUG codon sites, the RPH2 and HAP31 

KO strains of the TF collection and the CBK1 KO strain of the kinases collection and 

respective WTs were chosen for further analysis. 

We have performed a MS analysis to confirm and quantify Leu and Ser 

incorporation at the CUG codons sites in those selected strains. For this, the strains were 

grown at 37 ° C, protein fractions were prepared and separated by SDS-PAGE and bands 

containing between 100 and 180 KDa were excised for MS analysis as described in 

Figure 28.  

 
 
Figure 28-SDS-PAGE gel of total protein extracts, stained with Coomassie Blue with sample used for MS 
analysis. 

 We have chosen the protein fraction with molecular weight ranging from 100 to 

180 KDa because they showed a good compromise between the enrichment in CUG 

codon sites and relative protein abundance according to the codon adaptation index (CAI) 

(191) (Figure 30), in doing so we have avoided proteins lacking CUG codons in the 

Proteins used 
in MS analysis 
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MS/MS analysis. 

 

 
Figure 29- Bioinformatic analysis of the CUG distribution across the C. albicans proteome. A) Relation 
between molecular weight and CUG number in proteins, with increasing protein weight showing a trend to 
increase the probability of CUG codon being present in higher levels. B) Correspondence between the CAI 
index and CUG count. The increase in the number of CUG in a protein is correlated with a decrease in the 
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CAI index value. C) Relationship between molecular mass value, CUG codon count and CAI index value 
showing the characterization of C. albicans proteome. 

Leucine incorporation levels at CUG sites determined by MS were well correlated 

with the levels obtained by fluorescence, which only measured Leu incorporation at a 

single site (codon 201) of GFP.  Global results obtained with T0 (WT) and T1 strains 

available in the laboratory were nicely correlated with fluorescence levels. The value for 

T2 strain was lower than the GFP reporter value (half of the value), this discrepancy may 

be related to the high instability of this strain and to an observed tendency of losing one 

of the copies of the recombinant tRNA gene. 

 After the bioinformatic analysis of the raw data files obtained by MS, we obtained 

the results compiled in Table XIII, which are in line with the fluorescence sensor results, 

except for strain T2. The control strains used for MS (T0,T1 and T2) showed values 

ranging from 3 to 35%. As mentioned above, the value for T2 was lower than the reporter 

fluoresce value due to instability of this strain which lost one copy of the Leu-tRNA. 

The WT strains tested have basal values of leucine incorporation at CUG sites 

slightly above the typical fluorescence values (3-5%), 7,69% for SN152 and 7,98% for 

DAY286. These differences are within the limits expected for the rather different 

quantification methods. The KO strains showed Leu incorporation levels at CUG codons 

near 23%, 16% and 17%, for the Rph2, Hap31 and CBK1, respectively, corresponding to 

an increase of 2 to 3 fold in relation to the respective WT strains. These data are consistent 

with the GFP reporter data (Figure 27) where an increase of 3-fold in leucine 

incorporation in the KO strains relative to the WT strains, was observed. Thus, we can 

assume that the values of our screening (fluorescence based) are correct and reinforce the 

previously obtained conclusions indicating that the TF Rph2 and Hap31, as well the 

kinase Cbk1, are putative regulators of the expression of the LeuRS and SerRS 

synthetases. 

Our MS/MS results Table XIII also show that levels of Leucine misincorporation 

are always lower than those observed for the CUG codons, however the values observed 

range from 0,18% to 2,55% which are much higher than expected for background 

mistranslation (10-4 to 10-3). The relevance of these data are not understood. My 

explanation for this effect is that there is a generalized reduction in SerRS expression in 

these strains under these conditions, which leads to a random increase in the insertion of 

other amino acids in the various codons. It should be noted that this effect is consistently 

greater in strain KO RPH2which as we have said previously should act as an inactivator 
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of LeuRS when present, since it has binding motifs to the LeuRS promoter (caCDC60). 

Table XIII-Quantification of Leucine incorporation levels at Serine codons, in particular at CUG sites in 
various control strains available in the laboratory and in the KO strains used in this study. The MS results 
are consistent with those obtained by the GFP fluorescent reporter. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
  

TCT TCC TCA TCG AGT AGC CTG Total Ser # Total Pep # Total AA
# codons 2257 1069 1883 319 869 265 118 6780
S -> L misinc 4 4 7 3 4 3 5 30
% Ser -> Leu 0,18% 0,37% 0,37% 0,94% 0,46% 1,13% 4,24% 0,4%
# codons 2596 781 2010 213 619 172 56 6447
S -> L misinc 8 2 4 3 4 2 14 37
% Ser -> Leu 0,31% 0,26% 0,20% 1,41% 0,65% 1,16% 25,00% 0,6%
# codons 2306 1169 1675 289 810 212 79 6540
S -> L misinc 8 6 9 3 4 1 28 59
% Ser -> Leu 0,35% 0,51% 0,54% 1,04% 0,49% 0,47% 35,44% 0,9%
# codons 2873 1070 2648 327 1076 434 117 8545
S -> L misinc 22 19 16 5 11 5 9 87
% Ser -> Leu 0,77% 1,78% 0,60% 1,53% 1,02% 1,15% 7,69% 1,0%
# codons 2710 628 1618 515 394 305 74 6244
S -> L misinc 30 16 19 5 9 6 17 102
% Ser -> Leu 1,11% 2,55% 1,17% 0,97% 2,28% 1,97% 22,97% 1,6%
# codons 2825 1036 1654 786 1144 546 129 8120
S -> L misinc 27 19 25 8 14 2 21 116
% Ser -> Leu 0,96% 1,83% 1,51% 1,02% 1,22% 0,37% 16,28% 1,4%
# codons 1302 1272 1196 877 405 152 163 5367
S -> L misinc 32 23 30 10 8 1 13 117
% Ser -> Leu 2,46% 1,81% 2,51% 1,14% 1,98% 0,66% 7,98% 2,2%
# codons 2151 1581 1798 648 485 109 115 6887
S -> L misinc 5 6 7 1 5 1 20 45
% Ser -> Leu 0,23% 0,38% 0,39% 0,15% 1,03% 0,92% 17,39% 0,7%
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3.3.7- Fitness of C. albicans KO strains 
 

The growth rate of the mutant strains was determined to evaluate the impact of 

the gene KO in fitness. The fitness is the ability of a population to maintain or increase 

its numbers in succeeding generations (192). The results showed that all KO strains had 

similar growth rate (Figure 30) confirming that, with exception of the ΔCBK1 (although 

with no statistically significance), strains fitness was not affected by the deletions and 

consequently by mistranslation. 

 

 

 

 

 

 

 

 

 

 

 

Figure 30- Growth rate of selected KO strains and respective WT strains measured in YPD media at 37ºC, 
0M of Sorbitol and pH7. 

 
 
3.3.8- The influence of immune cells on CUG ambiguity 

 

In order to investigate the role of immune cells on CUG ambiguity in WT and KO 

C. albicans strains we used co-cultures with THP-1 cell line which is an spontaneously 

immortalized monocyte-like cell line, derived from the peripheral blood of a childhood 

case of acute monocytic leukemia. THP-1 cells are valuable tools for investigating 

monocyte structure and function in both health and disease. An article of Hu, et al, 

published 2016 in of Annals of Translational Medicine(193), illustrated the potential of 

this cell line for basic and applied research, including for gene expression microarray 

analysis. This report described the gene expression pattern of THP-1 cells exposed to 

heat-inactivated C. albicans. However, it is important to emphasize the limitations of the 

THP-1 cell line as a model for primary monocytes and point out important differences 
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between these immortalized cells and their physiological counterparts, i.e., human 

peripheral blood monocytes, which they are thought to represent. Nevertheless, using 

the in vitro (THP-1 cells) and ex vivo (primary monocytes) approach side-by-side 

allowed us to make informed judgments on the usefulness of THP-1 cells as a model for 

primary monocytes(194). 

We have evaluated initially the effect of the addition of FBS on C. albicans, 

culture medium to clarify possible negative effects of FBS on LeuRS/SerRS expression 

ratios (Figure 31). The growth rate of the selected strains in RPMI + FBS medium, at 37 

° C, 0M of Sorbitol and pH7, was similar (data not showed) and the LeuRS/SerRS ratio 

relative to the growth in YPD were also similar. On the other hand, in co-cultures with 

THP-1 cells there was a significant increase on the LeuRS/SerRS ratio. 

A) 

 

 

 

 

 

 

 

 

 

B) 

 

 

 

 

 

 

 

 

 

Figure 31- LeuRS/SerRS ratios in the KO strains relative to WT strains. A) TF collection. B) Kinase 
collection. Cells grown at 37ºC, 0M of Sorbitol and pH7 in YPD or in RPMI supplemented with 10% of 
FBS. Data obtained by western blot analysis using polyclonal antibodies against the C. albicans SerRS and 
LeuRS 
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3.3.9- The influence of antifungals on CUG ambiguity 
 

The concentrations of the clinical antifungal’s fluconazole, amphotericin B and 

caspofungin, where chosen using literature data and previous experiments carried out in 

the laboratory with those antifungals.  In the case of tavaborole (LeuRS inhibitor) a rarely 

used drug, the concentration was determined by measuring its effect on growth rate 

(Figure 32). The data showed that a concentration of 0.1µg/ml did not have a statistically 

significant effect on the growth rate and could be used in our experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 32- Growth rate of WT strains measured at 37ºC, 0M of Sorbitol and pH7 in YPD supplemented 
with different concentrations of tavaborole (LeuRs inhibitor). 

 

 

Co-cultures were carried out in RPMI medium, supplemented with 10% of FBS, 

for 180 min, to avoid large amount of C.albicans phagocytosis (47,195). The effect of the 

addition of antifungal to Candida albicans cultures in RPMI + FBS, for 180 minutes on 

leucine incorporation at CUG sites was near neutral, in most cases, however in some cases 

there was  a slight increase in the percentage of leucine incorporated at CUG codon sites, 

a slight decrease was observed in presence of the LeuRS inhibitor tavaborole in both KO 

collections, as expected (Figure 33). 
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A) 
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Figure 33- Percentage of leucine incorporated at CUG codon sites in: A) TF collection; B) Kinase 

collection. Cells were grown at 37ºC in RPMI supplemented with 10% of FBS. (* comparation with the WT 

in same condition, + comparation with the same strain in a control condition). 
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The values of leucine, incorporated at CUG codon sites in C. albicans exposed to 

THP-1 immune cells and to THP-1+ antifungals increases significantly and a cumulative 

effect specially in the TFs KO strains was observed, except with tavaborole which inhibits 

the LeuRS (negative control). There was also a reduction of Leu incorporation in the 

ΔCBK1 kinase strain in presence of (Figure 34 and 35) of THP-1 cells and antifungals 

(namely amphotericin B and caspofungin).  

A) 

 

 

 

 

 

 

 

 

B) 

 

 

 

 

 

 

 

 

 

Figure 34- Percentage of leucine incorporated at CUG codon sites. A) TF collection B) Kinase collection. 

The cells grown with monocytes (THP-1) and different stress factors. at 37ºC, in RPMI supplemented with 

10% of FBS.  (* comparation with the WT in same condition, + comparation with the same strain in control 

condition) 

There was a synergistic effect of THP-1 cells and caspofungin in the RPH2 strain, 

since the percentage of leucine incorporated in the CUG codon sites, in the presence of 

both, was greater (near 55%) than the sum of the percentages of leucine in the presence 

of each one of these stress factors (15% RPH2 KO cells in presence of caspofungin and 

32% RPH2 KO cells in presence of THP-1 immune cells) (Figure 35).  
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A)  
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Figure 35- Percentage of leucine incorporated at CUG codon sites. Data combined from figures 33 and 

34. A) TF collection. B) Kinase collection, with cells growth with or without monocytes (THP-1) and with 

or without antifungals. at 37ºC, in RPMI supplemented with 10% of FBS. (* comparation with the WT in 

same condition, + comparation with the same strain in a control condition) 
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The effect of THP-1 cells on the caCDC60 and caSES1 mRNA levels in the 

previously selected strains. The caCDC60/caSES1 mRNA ratio, was consistently higher 

in the KO strains than in the respective WT strains. Being 5 and 8 times higher in case of 

RPH2 and HAP31 strains, respectively and almost 12 times higher in the case of CBK1 

strain relative to the respective WTs (Figure 36). 
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Figure 36- RT-PCR data of caCDC60/caSES1 mRNA fold change between KO and WT strains. A) TFs 
selected.  B) Kinase selected. Cells grown at 37ºC, in RPMI supplemented with 10% of FBS and in the 
presence of THP-1 (* comparation with the WT in same condition). 
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Furthermore, when these data were normalized to the data obtained in YPD 

(Figure 26), in the absence of THP-1 cells, the caCDC60/caSES1 ratio differences were 

even higher (Figure 37).  In this case the ratio changed between 30 and 50 times for the 

KOs in presence of THP-1 or 6-10 times for the WT in presence of THP-1, relative to the 

respective WT, grown at 37ºC, 0M of Sorbitol and pH7. 

A)  
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Figure 37- RT-PCR data of caCDC60/caSES1 mRNA fold A) Selected TF; B)Selected Kinase; normalized 
to the respective WT, grown at 37ºC, 0M of Sorbitol and pH7, without THP-1 cells (* comparation with the 
WT in same condition).  
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3.3.10- Effect of THP-1 cells secretome on CUG ambiguity 
 

The strong effect of THP-1 immune cells on Leucine incorporation at CUG codon 

sites shown above suggested that the secretome of these cells may be responsible for this 

effect. To clarify this issue, we performed co-cultures of WT cells and THP-1 cells or 

Hela cells (negative control) during 180min and filtered them using 0,22 micrometer 

filters. The selected C. albicans KO strains were then exposed to this filtered medium and 

the % of leucine incorporated at CUG codon sites was quantified using the GFP reporter 

system (Figure 38). Total RNA was extracted to quantify levels of mRNA of the 

caCDC60 and caSES1 genes by RT-PCR (Figure 39).  

There was some reminiscence of the effect caused by the presence of the THP-1 

cells in the conditioned media, since it mimicked partially the effect of THP-1 cells on 

CUG ambiguity in both assays. The values obtained were intermediate relative to those 

obtained for each test performed with and/or without THP-1 cells. The KO strains grown 

in the presence of THP-1 had 5-6-fold greater leucine incorporation than the control WT 

strain, whereas the KOs in the control condition incorporated 2-fold higher amounts. In 

conditioned media, i.e., without the presence of THP-1, the KO strains incorporated 3-4 

times more leucine than the control KO strain, a value that is higher than that observed in  

KO strains cultivated in control conditions demonstrating that the secretome of the THP-

1 cells increases the level of CUG ambiguity, i.e., increases Leucine incorporation at CUG 

sites. This is a characteristic effect of THP-1 cells, as it was not found in media 

conditioned with Hela cells. 
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A)  
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Figure 38- Fold change of leucine incorporated at CUG codon sites. A) Selected TFs; B) Selected Kinase 
KO strains; Cells grown at 37ºC, in RPMI supplemented with 10% of FBS with or without monocytes (THP-
1) or with medium previously conditionate with THP-1 or Hela cells. (* comparation with the WT in same 
condition, + comparation with the same strain in a control condition) 

 

The above effect was visible at mRNA level since RT-PCR of mRNA extracted 

from the ΔHAP31strain showed a caCDC60/caSES1 mRNA ratio approximately 10 times 

higher than the control without THP-1, 50 times higher in presence of THP-1 and 20 times 

higher in presence of THP-1 conditionate media. The results obtained for the strains 

grown in media conditioned with THP-1 cells showed that this effect must be 

characteristic of these cells, since the Hela cells conditionate medium did not produce the 

same effect (Figure 39). 
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A) 

 

 

 

 

 

 

 

 

 

 

 

 

 

B)  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 39- caCDC60/caSES1mRNA ratio fold change in. A) TFs selected. B) Kinase selected strains. The 
data were normalized to the respective WT strain. The growth was at 37ºC, without THP-1 cells, in RPMI 
supplemented with 10% of FBS with THP-1 or with medium previously conditionate with THP-1 or Hela 
cells. (* comparation with the WT in same condition, + comparation with the same strain in a control 
condition) 
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3.4 Discussion 
 

Our data showed that CUG ambiguity seems to be controlled by kinases and TF 

that regulate the expression of the LeuRS and SerRS. We propose the Rph2 and Hap31 

as putative regulators of CUG ambiguity, since deletion of both genes increases 

significantly the levels of Leucine incorporation at CUG codon sites. Indeed, the 

expression ratio of the caCDC60 (LeuRS) and caSES1(SerRS) genes (Figure 24A) was 

> 1 in the respective KO relative to the WT strain. In other words, Rph2 is likely an 

inhibitor of LeuRS expression in the WT strain; it has a binding motif in the caCDC60 

gene promoter. The Hap31 could be a SerRS expression activator since it only has a 

binding motif in the caSES1 gene promoter (187). 

SerRS and LeuRS protein levels determined by western blot confirmed higher 

LeuRS/SerRS ratio ( >1.5)  than the WT strain, (Figure25A). This trend was also verified 

in the RT-PCR assay data where these KO strains presented caCDC60/caSES1 ratios 

approximately 10x higher than in the WT strain (Fig 26A). The level of leucine 

incorporated at CUG codon sites were consistent with the above data, i.e.,3x higher than 

in the WT strain (Figure 27A). 

Likewise, we propose that the kinase Cbk1 also regulates the expression of the 

caCDC60 and caSES1 genes since the respective KO strain showed caCDC60/ caSES1 

ratio of 1.9 (Figure 24B), a LeuRS/SerRS ratio of 1.7x higher than the strain WT (Figure 

25B), RNA expression levels were 10x higher than in the WT strain (Figure 26B) and 

levels of incorporation of Leucine at CUG codon sites 3x higher than in the WT strain 

(Figure 27B). 

The effect of antifungals, namely fluconazole, amphotericin B, caspofungin and 

tavaborole in the presence or absence of THP-1 monocytes, was also interesting (Figures 

33,34 and 35).  Leucine incorporation at CUG codon sites, in the absence or presence of 

THP-1 monocytes,  showed a synergistic effect of the monocytes and antifungals since 

the level of leucine incorporation in the presence of both was higher than in the presence 

of THP-1 or antifungals alone, particularly in the case of the ΔHap31 strain in presence 

of caspofungin. This justifies the difficulty that sometimes arises in the treatment of 

candidiasis at the hospital level. However, the CBK1 KO strain showed an opposite effect 

since the level of leucine incorporation at the CUG codon site was lower than in the WT 

strains. 

Macrophages are crucial to combat systemic candidiasis. The secretion of 
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proteins, mRNA, noncoding RNAs and lipids through extracellular vesicles is one of the 

mechanisms of communication between immune cells. To this extent, Barker, et al, 

(2005) showed that interactions between C. albicans and macrophages resulted in the 

alteration of the expression profile of proteins of the latter(47). The research group of 

Concha Gil pioneered in the study of the interaction between C. albicans with 

macrophages on the properties of secreted vesicles and in identification of the content of 

these vesicles  by MS/MS before and after contact with Candidas(196).  

Our data also suggested that the THP-1 monocytes secret unknow metabolite(s) 

that up regulate Leucine incorporation at the CUG codon since part of the effects of the 

co-culture with THP-1 was also observed in presence of filtered condicioned media 

without cells (Figure 38 and Figure 39). This is an interesting line of investigation for 

the future, namely, to identify the THP-1 secretome components that are responsible for 

LeuRS upregulation (increased levels of CUG ambiguity) and molecules that do not 

provoke a resistance response in C.albicans but that remains the capacity to eliminate 

them. Well, this could be a great pharmaceutical application to the candidiasis treatment. 

The LeuRS/SerRS ratio of the KO strains co-cultured with THP-1 was between 5 

and 12x higher than those of the respective WT strain grown in the same media and, if 

these data were normalized for the WT strain grown in the absence of THP-1 (in YPD), 

these ratios were between 30 and 50x higher (Figure 36 and Figure 37), highlighting the 

role of those TFs and kinase in CUG ambiguity control. Since the data obtained with 

different quantification methods, they support our hypothesis that competition between 

the LeuRS and SerRS synthetases, for the hybrid tRNA (tRNACAG
Ser), is the central step 

in CUG ambiguity in C. albicans. In other words, those TFs and Kinase studied in this 

project are likely to alter the competition of the LeuRS and SerRS for the tRNACAG
SER 

through alteration of expression of both synthetases. However, to fully clarify our 

question Chromatin-Immunoprecipitation sequencing (ChIP-seq) analysis assays should 

be performed to confirm the binding of Rph2 and Hap31 to the LeuRS or SerRS 

promoters. Immunoprecipitation of these TFs should also identify interacting partners.  
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4.1 Introduction 
 

In the previous chapter, we identified putative regulators of the expression of the 

LeuRS and SerRS synthetases, namely the TFs Rph2 and Hap31 and the Cbk1 kinase. In 

this chapter, we confirm the involvement of Cbk1 in the control of expression of both 

synthetases.  The Cbk1 (cell wall biosynthesis kinase) is a serine/threonine protein kinase 

of the RAM (regulation of Ace2 transcription factor and polarized morphogenesis) 

signaling pathway which is involved in the control of cell wall structure and stress 

response. Its overexpression confers resistance to cell-wall degrading enzymes. The RAM 

pathway consists in two kinases (Cbk1 and Kic1) and four associated proteins (Mob2, 

Hym1, Pag1, and Sog2), and is essential for the hyphal growth of C. albicans. The 

terminal kinase Cbk1, belonging to the Lats/Ndr (nuclear Dbf2-related) protein family, 

maintains polarisome components at the hyphal tips and is essential for hyphal growth. 

Moreover, Cbk1 regulates the transcription factor Ace2 to control mother-daughter cell 

separation, agar invasion, and biofilm formation. Ndr kinases are essential components 

for polarized morphogenesis, cytokinesis, cell proliferation, and apoptosis but the 

molecular functions of Cbk1 in hyphal morphogenesis are largely unknown(197).  

Yeast studies show that Cbk1 phosphoregulation is essential for RAM network 

control of ace2-dependent transcription and cell polarity while Mob2 is a Cbk1-binding 

protein required for activation and proper localization of Cbk1; i.e. Mob2 is critical for 

Cbk1 kinase activity; Kic1 is the yeast ste20-like kinase that functions genetically 

upstream of the Cbk1 kinase, probably activating the Cbk1–Mob2 complex. Hym1 

interacts with Cbk1 and Kic1 and is important for catalytic activity and proper localization 

of the Cbk1–Mob2 complex. Pag1 belongs to a group of large, conserved scaffolding 

proteins and may facilitate Cbk1-Mob2 kinase activation by Kic1 and Sog2, a leucine-

rich-repeat–containing protein which is an essential component of the RAM signaling 

network in yeast(198). 

The C. albicans Cbk1 downregulates the transcriptional repressor Nrg1 through 

the mRNA-binding protein Ssd1, which has nine Cbk1 phosphorylation consensus 

motifs(197). Cbk1 also binds the regulatory subunit Mob2 and is involved in the 

regulation of cellular morphogenesis, polarized growth, and septum destruction. Ssd1p 

transcription repressor is required for WT hyphal growth and transcriptional regulation 

of cell-wall-associated genes. Their activity is regulated by both phosphorylation and 

specific localization. Mutants lacking the CBK1 gene form large aggregates of round cells 
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under all growth conditions and lack the ability to undergo morphological differentiation. 

These mutants also show an altered pattern of expression of several transcripts encoding 

proteins associated with the cell wall. The results suggest that the kinase encoded 

by CBK1 plays a general role in the maintenance and alteration of the cell wall of C. 

albicans in all morphological forms(199).  

Protein-protein interactions are essential in biology as virtually every cellular 

process is controlled by interacting proteins or protein complexes(200). Consequently, 

identifying and characterizing protein–protein interactions and their networks are 

important for understanding biological processes. A wide array of biological and genetic 

experiments has been developed to identify protein-protein interactions, such as the yeast 

two-hybrid assay, in vivo FRET, antibody arrays or protein chips, or protein 

immunoprecipitation (IP) related techniques(201). 

IP is a technique based on the principle of antibody-antigen interaction to enrich 

a protein from complex biological samples. Variations of IP are used to study the 

interaction between the target protein and other proteins (via Co-IP) or nucleic acids (via 

Chromatin IP or RNA-IP). In an IP experiment, the antibody is incubated with lysates 

that contain the target protein. Antibody-binding proteins that, are attached to agarose or 

magnetic beads then, capture the antibody-protein complex formed during the incubation. 

The target protein can then be eluted from the beads for further analysis. Co-IP is basically 

performed in the same manner as IP. The only difference is that the bait protein isolated 

by the antibody in a co-IP is used to co-precipitate its binding proteins from a lysate(202). 

Co-IP is a popular method to identify physiologically relevant protein 

interactions. Using a bait protein-specific antibody, proteins that bind to the bait protein 

can be captured indirectly and downstream studies can be performed on the captured 

protein complex to identify new binding partners of the bait protein for the study of its 

function in cellular processes. It is a fast and relatively easy method when compared to 

affinity chromatography which is time-consuming and involves cycles of binding and 

washing and is compatible with most methods of downstream analysis, such as western 

blot and mass spectrometry. Co-IP is a powerful technique to identify protein interactions 

with physiological importance, since both bait and its prey proteins are in their native 

conformations during the whole procedure. Thus, co-IP is considered as the golden 

standard assay for protein-protein interactions (202). 

By using immunoprecipitation, in combination with MS (IP-MS), it is possible to 

verify that an antibody interacts specifically with an intended target. MS directly 
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identifies peptide sequences from the proteins in the sample(203). As mentioned above, 

to understand the function of Cbk1 in the context of CUG ambiguity we have used an IP 

assay with LC-MS/MS. To date, only few IP-LC-MS/MS studies have be carried out in 

C. albicans. Christophe d’Enfert and Patrick Van Dijck described technical adaptations 

and the first application of the Candida-two-hybrid (C2H) system for a high-throughput 

screen, adapted from yeast-two-hybrid, making possible to screen thousands of protein-

protein interactions at once. They used Pho85 as a bait protein against 1,646 random prey 

proteins, to discovered one interacting partner (Pcl5).  

 In this chapter, we have used Cbk1 as "bait" (target protein). Our idea was to 

identify the proteins that co-immunoprecipitated ("prey") with Cbk1 by mass spectrometry 

and confirm whether Cbk1 interacts with the putative Rph2 and Hap31, TFs that regulate 

LeuRS and SerRS expression.  

 

 

4.2 Material and methods 
 
 

4.2.1 Introduction to IP-MS methods  
 

MS-based protein interaction identification requires high sensitivity and 

specificity, for example accurate mass or protein sequence information. To avoid 

identification of background proteins it is necessary to find an optimum balance between 

the sensitivity and specificity in the purification steps. So, MS is usually coupled with 

biochemical methods to reduce system complexity when used for protein-protein 

interaction identification. In the IP system, the antigen and corresponding antibody will 

interact during incubation, then antibody affinity beads are added to the antibody-antigen 

mixture. After carefully washing, most of the non-binding proteins are washed away, 

leaving mainly the antibody, antigen, and interacting proteins. The eluted proteins are 

then separated on SDS-PAGE gels, bands of interest are cut, in-gel digested and identified 

by LC-MS/MS. With the IP technique, target proteins can be separated from most of the 

other proteins, thus the complexity of the system is largely reduced, and MS identification 

is enhanced (201). 

Gel-based or chromatographic separation is used to reduce sample complexity 

prior to mass analysis. Another feature of proteomic analysis is tandem MS, whereby 

mass analysis is carried out on intact molecular ions (full-scan MS) or on fragmented 

precursor ions (MSn scans). In most cases, full scans produce masses of the proteins or 
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peptides and fragmentation scans yield the primary sequence information. A proteomic 

analysis begins with the sample preparation in which proteins are either enzymatically 

digested into peptides (bottom-up analysis) or analyzed intact (top-down analysis) (242). 

The bottom-up (or shotgun) approach is the most popular method for large-scale 

analyses of high-complexity samples. In this approach, proteins are proteolytically 

digested into peptides, prior to mass analysis, and the subsequent peptide masses and 

sequences are used to identify corresponding proteins. Most bottom-up applications 

require MS/MS data acquisition in which peptides are subjected to CID. The low energy 

collision-induced dissociation (CID) is the method most frequently used, to generate 

peptide fragments, that are a result of cleavage at the amide bond(204). The fragmentation 

in CID is perform by collisions of precursor ions with atoms of an inert gas such as helium 

or argon, in a collision cell. The fragmentation spectra of peptides are compared to the 

fragmentation pattern that can be predicted from a sequence database (Figure 40). The 

most widely used method for bottom-up tandem MS data identification is  database search 

in which experimental MSn data are compared with the predicted, in silico generated 

fragmentation patterns, of the peptides under investigation (243).  

To overcome the limitations of database-dependent methods, software packages 

which make use of computerized methods for determining the sequences of peptides 

directly from the MS/MS spectra have been developed, called “de novo sequencing”(205) 

(available and used in PEAKS 8.0 software). These approaches hold a lot of potential due 

to their ability to identify previously unknown peptide sequences and PTMs. De novo 

methods use the knowledge of the fragmentation methods employed (CID, ECD, or 

ETD), and basic search parameters such as enzyme type and peptide modifications, to 

rebuild the peptide ion series. Algorithms use scoring schemes that give scores based on 

identification of the diagnostic ions mentioned before, i.e., the b- and y-series, etc.(206). 

The ability of software to derive a sequence from a MS/MS spectrum is dependent on 

many factors, such as the instrument mass accuracy and resolution, as well as spectral 

quality. There are yet fewer software packages that make use of de novo methods. The 

most common de novo programs available are PEAKS, PepNovo and SHERENGA(207).   

 Analyze protein, after proteolysis with a specific protease (Trypsin in this case), 

produces a unique set of peptides according to the protein amino acids sequence. These 

peptides are then compared to the theoretical masses derived from a sequence database. 

The advantage is that only small amount of material is needed for analysis and very fast 

identification of proteins is possible. On the other hand, the protein sequence must be 
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present in the database to be identified by commonly used software (e.g. MASCOT, 

Sequest, etc.)(208).  

The strategy used to achieve our aim was use Co-Immunoprecipitation LC-

MS/MS. Since a strain containing the fused CBK1 gene with the myc-c tag (JC1780) was 

available we could precipitate interacting protein partners using a specific anti-myc 

antibody like described in Table XIV. For the co-IP we used protein extracted from the 

strain JC1780, with phenotype cbk1::ARG4/3xmyc-CBK1::URA3, growth in different 

stress conditions, overnight, at 180rpm.  

 

 

 

 

 

 

 

 

 

 

Figure 40- Nomenclature for the dissociation products of fragmented peptides. The use of low energy 
CID predominantly generates two series of ions containing either the C -terminus (y-ions) or the N -
terminus (b-ions) fragments. In the spectra obtained by using ETD the c-ions and z-ions are 
predominantly observed. Adapted from (209). 

 

4.2.2 Preparation of protein extracts  
 

10 O.D. of cells, were harvested by centrifugation, washed twice in 1x PBS (50 

mM potassium phosphate, 150 mM NaCl pH 7.2) and resuspended in 0.3 ml of lysis 

buffer (50mM PBS pH 7.0, 1 mM EDTA, 5% Glycerol, 1mM PMSF and EDTA-free 

protease inhibitors from Roche). The suspension was kept on ice, transferred to cryo-

tubes and 1 volume of glass beads were added and frozen at -80ºC for at least 1h. The cell 

walls were disrupted using Precellys (2 cycles of 30 seconds in the beater and 5 minutes 

on ice). Then, tubes were centrifuged during 5 minutes at 13000 rpm and supernatants 

were removed to new tubes. This suspension was span down again for 10 minutes at 

13000rpm and a clear protein extract was obtained. Protein quantification was carried out 

using the Pierce BCA Protein Assay Kit. Aliquots of about 400 µg of extracted proteins 
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were prepared in 200µL 1X SDS gel loading buffer (50mM Tris-HCl pH 6.8, 100mM 

DTT, 2% SDS, 0.1% bromophenol blue, 10% glycerol), final concentration of 2mg/ml 

and stored at -80ºC, to upcoming utilization. 

 

Table XIV- Conditions chosen to perform co-IP assay 

 

Strain Stress compound Growth 

Temperature 

JC1780 - 30ºC 

JC1780 - 37ºC 

JC1780 THP-1 30ºC 

JC1780 THP-1 37ºC 

JC1780 Amphotericin B 0,4µg/mL 37ºC 

JC1780 THP-1 + Amphotericin B 

0,4µg/mL 

37ºC 

 

4.2.3 Co- Immunoprecipitation  
 

The co-IP was performed according the reagents supplier’s instructions, with few 

modifications. 25µL of Pierce Anti-c-Myc Magnetic Beads were taken and washed in a 

1.5mL microcentrifuge tube with 175µL of Mag c-Myc Co-IP Buffer-1 and gently 

vortexed. The tube was placed into a magnetic stand to collect the beads against the side 

of the tube. The supernatant was removed and discarded. 200 µL of the sample (protein 

extract with 2mg/ml) containing the c-Myc-tagged protein were added to the pre-washed 

magnetic beads and incubated at room temperature for 30 minutes with mixing at 450rpm 

in a heat block. The positive control was prepared diluting 10x the sample (20µL of 

positive into 180µL of Mag c-Myc Co-IP Buffer-1). The beads were collected with a 

magnetic stand and the unbound sample was removed by washing the sample with 300µL 

of Mag c-Myc IP/Co-IP Buffer-2, diluted 1:20 with water and gently mixed. Once again, 

the beads were collected, and the supernatant was discarded. The c-Myc-Tagged Protein 

was eluted from the magnetic beads using 100L of 1X non-reducing Sample Buffer 

(prepared by mixing 200L of Lane Marker Non-reducing Sample Buffer (5X) with 

800L of ultrapure water). Samples were briefly vortexed to resuspend the beads and then 

incubated at 95°C for 10 minutes in a heating block. 
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4.2.4 SDS-PAGE 
 

Samples obtained were fractionated on a denaturing 15% SDS-polyacrylamide 

gel: water, acrylamide/bisacrylamide (29:1) pH 7.0, Tris base, SDS, APS and TEMED. 

15% resolving gels and 4% stacking gels were routinely prepared and after 

polymerization gels were assembled in an electrophoresis apparatus filled with running 

buffer (25mM Tris base, 250mM glycine pH 8.3, 0.1% SDS). About 40 µg of each of the 

samples were loaded into the wells. The gels were run at 80 V until the dye front moved 

into the resolving gels; then the voltage was increased to 150V, until the dye reached the 

bottom of the gel (less than 2 hours). Gels were fixed with a fixing solution (water 40%, 

ethanol 50%, and acetic acid glacial 10%) during at least 30minutes, stained with 

Coomassie blue, for 1 hour at room temperature and distained with at least five solvent 

(water 70%, ethanol 20%, and acetic acid glacial 10%) changes in the first 2 hr.  Protein 

bands were detected using the Odyssey Infrared Imaging System (LI-COR Biosciences) 

at 700nm.   

 

4.2.5 Protein digestion and MS analysis  
 

Proteins were digested as recommended by Shevchenko, et al,(171) with a few 

modifications. Protein bands from the gels described in 4.2.4 were manually excised and 

transferred to Eppendorf tubes. The gel pieces were washed once with 25 mM ammonium 

bicarbonate, 3 times with 25 mM ammonium bicarbonate/50% acetonitrile (ACN, VWR 

Chemicals) and once with ACN (30 min each wash). Cysteine residues were reduced with 

10 mM DTT (45 min at 56 ºC) and alkylated with 55 mM iodo-acetamide (30 min at RT). 

The gel pieces were washed once with 25 mM ammonium bicarbonate, once with 25mM 

ammonium bicarbonate/50% ACN (15 min) and once with ACN (10 min). Gel pieces 

were then dried for at least 15 min and rehydrated in digestion buffer containing 12.5µg. 

mL-1, sequencing grade trypsin (AbSCIEX), in 50 mM ammonium bicarbonate. Trypsin 

was added at an enzyme-to-substrate ratio of 1:50 (w/w). After 45 min on ice, the 

supernatant was removed and discarded, 50 μL of 50 mM ammonium bicarbonate were 

added and the samples were incubated overnight at 37ºC. Extraction of tryptic peptides 

was performed by washing once with 5% formic acid (FA, Fluka) and twice with 5% 

FA/50% ACN (20 min each wash). Tryptic peptides were lyophilized in a SpeedVac 

(Thermo Savant) and resuspended in 1% FA solution. The samples were analyzed with a 
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QExactive Orbitrap (Thermo Fisher Scientific, Bremen) through the EASY spray nano 

ESI source (Thermo Fisher Scientific, Bremen) coupled to an Ultimate 3000 HPLC 

system (high-pressure liquid chromatography) (Dionex, Sunnyvale, CA). The trap (5 mm 

× 300 µm) and the EASY-spray analytical (150 mm × 75 µm) columns used were C18 

Pepmap100 (Dionex, LC Packings) with a particle size of 3 µm. Peptides were trapped at 

30 μl/min in 96% solvent A (0.1 % FA). Elution was achieved with the solvent B (0.1 % 

formic acid/80% acetonitrile v/v) at 300 nl/min. The 92 min gradient used was as follows: 

0–3 min, 96% solvent A; 3–70 min, 4–25% solvent B; 70–90 min, 25–40% solvent B; 

90–92 min, 90% solvent B; 90–100 min, 90% solvent B; 101-120 min, 96% solvent A. 

The mass spectrometer was operated at 2.3 kV in the data dependent acquisition mode. A 

MS2 method was used with a FT survey scan from 400 to 1600 m/z (resolution 70,000; 

AGC target 1E6). The 10 most intense peaks were subjected to HCD fragmentation 

(resolution 17,500; AGC target 5E4, NCE 28%, max. injection time 100ms, dynamic 

exclusion 35s).  

 
4.2.6 Protein Identification 

Detection of amino acid misincorporations was performed using the SPIDER 

algorithm of the PEAKS Studio analysis for MS/MS raw data (v.8.0, Bioinformatics 

Solutions Inc.). Samples were searched against a C. albicans proteome available at the 

uniprot reference proteome (version of July 2018) and using a list of common 

contaminants CRAP (repository of adventitious proteins) and the corresponding decoy 

entries. Trypsin was chosen as enzyme and a maximum of three missed cleavages were 

allowed. Carbamidomethylation was set as a fixed modification, whereas oxidation was 

set as variable modification. Searches were performed using mass tolerances of 7 ppm for 

parent ions and 20 mmu for fragment ions. After the analysis, a file with the uniprot ID, 

peptides, number of spectra and coverage was obtained. 
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4.3 Results 
 
 

4.3.1 Identification of co-IP Proteins 
 

After SDS-PAGE fraction of Co-IP proteins (Figure 49 in annex) Odyssey 

imaging of gels at 700nm with intensity 5 reveled many bands of different molecular 

weights corresponding to the different proteins that precipitated during the Co-IP. In well 

number seven, where only a sample of myc-c was placed to serve as a positive control, 

only a band with about 25KDa is detected that is common to all samples. The bands of 

interest were excised and digested for MS analysis. 

Proteins excised and digested with trypsin were analyzed by LC-MS/MS.  Figure 

41 and Figure 42 show an indicative example of the mass spectra of two peptides 

(KYPTEGAEIQR and TDLLETADIRR), which allowed the identification of 

transketolase 1 and Fatty acid synthase subunit alpha, respectively. The values of m/z 

shown in red, indicate the series of peaks of the ionization b + and the values indicated in 

blue indicate the peaks referring to ionization y+. Together they allow unequivocal 

identification due to the high accuracy of this technique. 
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Figure 41- MS spectrum of peptide KYPTEGAEIQR, belongs to transketolase 1, acquired after sample 
trypsinization  and imunoprepitation with cbk1-myc tag in IP assay; The respective table of m/z values are 
also indicated . In red are represented the b+ ions and in blue are represented the y+ ions.  

  

#1 b⁺ b²⁺ Seq. y⁺ y²⁺ #2
1 102.05496 51.53112 T 11

2 217.08190 109.04459 D 1201.65353 601.33040 10

3 330.16596 165.58662 L 1086.62658 543.81693 9

4 443.25003 222.12865 L 973.54252 487.27490 8

5 572.29262 286.64995 E 860.45846 430.73287 7

6 673.34030 337.17379 T 731.41586 366.21157 6

7 744.37741 372.69234 A 630.36818 315.68773 5

8 859.40435 430.20582 D 559.33107 280.16917 4

9 972.48842 486.74785 I 444.30413 222.65570 3

10 1128.58953 564.79840 R 331.22006 166.11367 2

11 R 175.11895 88.06311 1
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Figure 42- MS spectrum of peptide TDLLETADIRR,, belongs to Fatty acid synthase subunit alpha, 
acquired after sample trypsinization  and imunoprepitation with cbk1-myc tag in IP assay; The respective 
table of m/z values are also indicated . In red are represented the b+ ions and in blue are represented the 
y+ ions.  

 
 
  

#1 b⁺ b²⁺ Seq. y⁺ y²⁺ #2
1 129.10224 65.05476 K 11

2 292.16557 146.58642 Y 1163.56913 582.28820 10

3 389.21833 195.11280 P 1000.50580 500.75654 9

4 490.26601 245.63664 T 903.45304 452.23016 8

5 619.30860 310.15794 E 802.40536 401.70632 7

6 676.33007 338.66867 G 673.36276 337.18502 6

7 747.36718 374.18723 A 616.34130 308.67429 5

8 876.40977 438.70853 E 545.30419 273.15573 4

9 989.49384 495.25056 I 416.26159 208.63444 3

10 1117.55242 559.27985 Q 303.17753 152.09240 2

11 R 175.11895 88.06311 1
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We searched the MS/MS database for proteins kinase (Table XV) or TFs (Table 

XVI). Some proteins were immunoprecipitated in all conditions and others only in a 

specific growth condition. However, since only one MS analysis was carried out per 

sample, data interpretation should be done with some caution. More samples are needed 

to confirm the proteins identified in these preliminary experiments. 

Table XV-List of Kinases found by LC- MS/MS analysis of co-IP of CBK-myc-c with anti-myc-c antibody. 
Protein samples were prepared from C. albicans cells growth at 30º and 37ºC. 

 
KINASES Description JC-30ºC JC37ºC 
GIN4 Serine/threonine-protein kinase GIN4 GIN4   X   
MKK2 Mitogen-activated protein kinase kinase MKK2   X   
CLA4 Serine/threonine-protein kinase CLA4 X   
Q5AA37 1-phosphatidylinositol 4-kinase CAALFM_C105980WA   X   
PFK2 ATP-dependent 6-phosphofructokinase PFK2   X   
LCB4 Sphinganine kinase LCB4   X   
HST7 Mitogen-activated protein kinase kinase HST7   X   
STE7 Serine/threonine-protein kinase STE7 homolog HST7   X   
A0A1D8PHU1 cAMP-dependent protein kinase catalytic subunit TPK2   X   
CHK1 Histidine protein kinase 1 CHK1   X   
NIK1 Histidine protein kinase NIK1  X   
Q59UZ0 Protein kinase CAALFM_CR02210WA   X   
A0A1D8PTE0 1-phosphatidylinositol 4-kinase STT4   X   
PFK1 ATP-dependent 6-phosphofructokinase PFK1   X   
GRC3 Polynucleotide 5'-hydroxyl-kinase GRC3  X   
PCK1 Phosphoenolpyruvate carboxykinase PCK1   X X 
CKA2 Casein kinase 2 catalytic subunit CKA2   X X 
FUN31 Serine/threonine protein kinase FUN31   X X 
TEL1 Serine/threonine-protein kinase TEL1  X X 
A0A1D8PQH4 Cyclin-dependent protein serine/threonine kinase inhibiting protein FAR1   X X 
CMK1 Protein kinase CMK1   X X 
RAD53 Serine/threonine-protein kinase RAD53    X 
TOR1 Phosphatidylinositol kinase-related protein kinase TOR1     X 
HOM3 Aspartokinase HOM3     X 
Q59TB3 Non-specific serine/threonine protein kinase CAALFM_C204360WA     X 
DBF2 Cell cycle protein kinase DBF2    X 
A0A1D8PJ04 Serine/threoninantibodye protein kinase CAALFM_C300790WA     X 
Q59QB9 Serine/threonine protein kinase CAALFM_C108540CA     X 
MEC1 Serine/threonine-protein kinase MEC1   X 
MSS4 1-phosphatidylinositol-4-phosphate 5-kinase MSS4     X 
KIN2 Non-specific serine/threonine protein kinase KIN2     X 
CDC15 Serine/threonine protein kinase CDC15     X 
HSL1 Protein kinase HSL1     X 
ARG5,6 Bifunctional acetylglutamate kinase ARG5 6     X 
A0A1D8PDS9 Serine/threonine protein kinase CAALFM_C106090CA     X 
SLN1 Histidine protein kinase SLN1 SLN1     X 
FAB1 1-phosphatidylinositol-3-phosphate 5-kinase FAB1     X 
AKL1 Serine/threonine protein kinase AKL1     X 
SSN3 Serine/threonine-protein kinase SSN3    X 
PKC1 Protein kinase C PKC1     X 
GUK1 Guanylate kinase GUK1     X 
CSK1 Mitogen-activated protein kinase CSK1     X 
THI6 Bifunctional hydroxyethylthiazole kinase THI6     X 
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The search for TFs that immunoprecipitated with Cbk1, under the different 

conditions of growth, did not confirm the presence of the Rph2 and Hap31; the putative 

TFs regulators of LeuRS expression described in previous chapter. However, this does 

not exclude the possibility that Cbk1 regulate them indirectly (Table XVI). 

 

Table XVI- List of TFs found by LC- MS/MS analysis of co-IP of CBK-myc-c with anti-myc-c antibody. 
Protein samples were prepared from C. albicans cells growth at 30º and 37ºC. 

 
TF Description JC-30ºC JC37ºC 
OPI1 Transcriptional regulator OPI1   X   
FHL1 Fork-head transcriptional regulator FHL1  X   
STP4 Transcriptional regulator STP4  X   
TEC1 Transcription activator TEC1    X   
CCR4 Glucose-repressible alcohol dehydrogenase transcriptional effector CCR4   X x 
Q5A9D7 Transcription factor TFIIIB subunit CAALFM_CR01420WA   X x 
CTA4 Oleate-activated transcription factor CTA4   X x 
A0A1D8PLK2 DNA-binding transcription factor ADR1     x 
Q5AF56_ADR1 Transcriptional regulator ADR1    x 
SKO1 Transcriptional regulator SKO1    x 
ACE2 Cell wall transcription factor ACE2    x 
A0A1D8PM51 Transcription factor TFIIIC subunit CAALFM_C404510WA     x 
TBF1 Transcription factor TBF1    x 
Q5AP83 Transcription initiation factor IIE subunit beta CAALFM_C110120CA     x 
SPT5 Transcription elongation factor SPT5     x 
CPH1 Transcription factor CPH1    x 
IWS1 Transcription factor IWS1     x 
MED16 Mediator of RNA polymerase II transcription subunit 16 SIN4     x 
WAR1 Transcriptional regulator WAR1    x 

 
 

These TFs and kinases found in the Co-culture assay were analyzed using the 

STRING plataform to identify their interacting networks. As previously mentioned, not 

all homologues between Candida and S.cereviseae have the same functions, however, 

this assay supports the validity of this Co-culture assay. 
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Figure 43- Protein-protein interaction found in String database with the S. cereviseae protein homologues 
of those found after co-IP LC MS/MS in C. albicans. The known network in Candida is much smaller thus, 
these data, once validated and confirmed, can be an important step in the acquisition of new knowledge 
regarding C. albicans species. 

 

The proteins that co-precipitated with cbk1 kinase (~500) were compiled 

regarding growth conditions and a GO TERM search was performed. The results confirm 

that Cbk1 is directly or indirectly associated with a panoply of cellular functions, ranging 

from hyphae growth, cellular response to heat, pH, and drugs, cell adhesion (necessary to 

pathogenesis process) (Table XVII), to simple regulation of transport of amino acids or 

aspects of metabolism ( see all the list in annex section). This fact justifies the difficulty 

of constructing mistranslation regulation pathways since this type of molecules (TFs and 

kinases) are always involved in several processes.  
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Table XVII- Go Term search of proteins that have Co-IP with Cbk1 (resume, see total in annex). 

 
 

Entrez 
ID 

Gene Name GO TERM 

3640410 C terminus of glucan synthase 
(CaO19.3270) 

(1-3)-β-D-glucan biosynthetic process, 

3636794 β-1,3-glucan synthase (GSC1) (1-3)-β-D-glucan biosynthetic process, 
3639844 Glucan synthase (GSL1) (1-3)-β-D-glucan biosynthetic process, 
3645444 potential mitochondrial NADH-

Ubiquinone Oxidoreductase Complex I 
(CaO19.4495) 

aerobic respiration, cellular response to 
starvation, filamentous growth, cellular 
response to glucose starvation, single-species 
biofilm formation on inanimate substrate, 

3637595 Integrin-like protein; potential pleckstrin 
homology domain; (INT1) 

cell cycle, cell adhesion, cell division, 

3644596 septin-like orf/cytokinesis (SHS1) cell cycle, hyphal growth, cell division, 
3634838 nuclear protein kinase involved in 

morphogenesis during mating (CBK1) 
cell morphogenesis, cell separation after 
cytokinesis, cellular response to 
starvation, filamentous growth, fungal-type 
cell wall organization, membrane raft 
organization, cellular response to heat, 

3646427 aryl alcohol dehydrogenase (CaO19.4477) cell-matrix adhesion, pathogenesis, single-
species biofilm formation on inanimate 
substrate, 

3641490 GTPase-activating protein for 
Rsr1p/Bud1p(BUD2) 

cellular bud site selection, actin filament 
organization, cell adhesion, small GTPase 
mediated signal transduction, pathogenesis, 
thigmotropism, maintenance of cell 
polarity, hyphal growth, actin cortical patch 
localization, cellular response to electrical 
stimulus, 

3636101 involved in cytoskeletal control 
(CaO19.12393) 

cellular bud site selection, cell separation after 
cytokinesis, establishment or maintenance of 
cell polarity, cellular response to starvation, 
pathogenesis, maintenance of cell 
polarity, actin cytoskeleton 
organization, filamentous growth, hyphal 
growth, Golgi localization, 

3636627 possible calcium transporter (PMC1) cellular calcium ion homeostasis, cellular 
response to drug, 

3642998 Translation elongation factor EF-2; 5' exon 
upstream of intron (EFT2) 

cellular response to drug, 

3639365 component of Hsp90 chaperone complex 
(CNS1) 

cellular response to drug, 

3636910 interacts with SNF1 protein kinase (SIP3) cellular response to drug, 
3635266 U3 snoRNP/small subunit rRNA 

processome component(NOP14) 
cellular response to drug, 

3644389 vacuolar aminopeptidase (CaO19.9871) cellular response to drug, 
3640711 ABC transporter whose deletion does not 

affect fluconazole resistance;(CDR4) 
cellular response to drug, drug export, 

3645580 osmoregulating MAPK kinase (MKK2) cellular response to drug, regulation of fungal-
type cell wall organization, 

3645238 mitochondrial chaperonin, heat shock 
protein 60(HSP60) 

cellular response to heat, protein refolding, 

3642016 brix domain nucleolar protein involved in 
60S ribosomal subunit biogenesis (BRX1) 

cellular response to starvation, filamentous 
growth 

3643320 NAD-dependent histone deacetylase 
complex component (SET3) 

cellular response to 
starvation, pathogenesis, filamentous 
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growth, phenotypic switching, filamentous 
growth of a population of unicellular 
organisms in response to starvation,  

3641504 Putative coiled-coil protein (CaO19.8591) cellular response to starvation, protein 
ubiquitination, covalent chromatin 
modification, filamentous growth,  

3634878 serine-threonine kinase; signal 
transduction; (CLA4) 

chlamydospore formation, establishment or 
maintenance of cell polarity, cellular response 
to starvation, pathogenesis, filamentous 
growth, cellular response to drug,  

3642235 ATPase; chromatin remodeling complex 
(ISW2) 

chlamydospore formation, filamentous 
growth, cellular response to drug, ATP-
dependent chromatin remodeling, cellular 
response to copper ion, 

3640755 delta-9-fatty acid desaturase (OLE1) chlamydospore formation, unsaturated fatty 
acid biosynthetic process, cellular response to 
starvation, filamentous growth, cellular 
response to neutral pH, 

3646477 ATP-binding cassette protein, ATPase 
component of CCR4-NOT transcription 
factor complex(CAF16) 

Defense mechanisms, 

3643964 C terminal fragment of potential ABC 
transporter, plasma membrane 
multispecific organic anion 
transporter(CaO19.1784) 

Defense mechanisms, 

3642288 ABC transporter involved in peptide 
pheromone export(HST6) 

Defense mechanisms, 

3638673 potential Multi Antimicrobial Extrusion 
(MATE) family drug/sodium antiporter; 
(MTE2) 

Defense mechanisms, 

3637836 polyprotein - integrase, reverse 
transcriptase of TCA4 (CaO19.2669) 

DNA integration, 

3644746 sterol C5, 6 desaturase in volved in 
ergosterol biosynthesis (ERG3) 

fatty acid biosynthetic process, ergosterol 
biosynthetic process, pathogenesis, electron 
transport chain, filamentous growth, cellular 
response to drug, 

3640584 Plasma membrane Sodium Response 
1(PSR1) 

filamentous growth, 

3644265 C terminal fragment of 
CaP19.4433/CPH1/ACPR STE12-like 
transcription factor(CaO19.11912) 

galactose metabolic process, transcription, 
DNA-templated, regulation of transcription, 
pseudohyphal growth, pathogenesis, evasion 
or tolerance of host immune response, fungal-
type cell wall organization, regulation of 
filamentous growth, parasexual conjugation 

3638540 glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH), (TDH1) 

glucose metabolic process, glycolytic 
process, cell-matrix adhesion, adhesion of 
symbiont to host, induction by symbiont of 
host defense response, interaction with host, 

3634873 potential cyclopropane-fatty-acyl-
phospholipid synthase (CFA1) 

Glucosylceramide biosynthetic 
process, pathogenesis, filamentous growth, 

3647012 glutathione oxidoreductase;(GLR1) glutathione metabolic 
process, pathogenesis, cellular response to 
oxidative stress, cell redox homeostasis, 

3648327 peroxisomal trifunctional hydratase-
dehydrogenase-epimerase important in 
fatty acid beta-oxidation; (FOX2) 

glyoxylate cycle, fatty acid beta-
oxidation, fatty acid catabolic 
process, pathogenesis, 

3638034 isopropyl malate dehydrogenase (LEU2) glyoxylate cycle, leucine biosynthetic 
process, pathogenesis, 

3646555 C terminal fragment of Inosine-5'-
monophosphate dehydrogenase; guanosine 

GMP biosynthetic process, cellular response 
to starvation, filamentous growth, cellular 



145 

Candida albicans gene mistranslation as a modulator of host-pathogen interaction and pathogenesis 

 

nucleotide biosynthesis; (CaO19.18) response to drug, induction by symbiont of 
host defense response, 

3641733 potential fungal Zn (2)-Cys (6) binuclear 
cluster domain (CaO19.7381) 

invasive growth in response to glucose 
limitation, transcription, DNA-templated, cell 
adhesion, pathogenesis, filamentous 
growth, cellular response to drug, cellular 
response to glucose starvation, cell adhesion 
involved in single-species biofilm 
formation, regulation of transcription from 
RNA polymerase II, regulation of phenotypic 
switching,  

3643764 Mating Type-Like locus a version of 
potential oxysterol binding protein 
involved in steroid biosynthesis (OBPa) 

lipid transport, pathogenesis, single-species 
biofilm formation on inanimate substrate, 

3640953 likely MAP kinase kinase (HST7) MAPK cascade, protein 
phosphorylation, cellular response to 
starvation, filamentous growth, fungal-type 
cell wall organization, cellular response to 
drug, MAPK cascade involved in conjugation 
with cellular fusion, parasexual conjugation 
with cellular fusion, 

3647888 Septin, component of 10nm filaments of 
mother-bud neck(CDC11) 

mitotic cytokinesis, septin ring 
assembly, chlamydospore formation, chitin 
localization, asymmetric protein 
localization, pathogenesis, maintenance of cell 
polarity, hyphal growth, establishment of 
nucleus localization, positive regulation of 
protein kinase activity, growth of unicellular 
organism as a thread of attached cells, 

3646978 subunit of chromatin assembly factor 
1(CAC2) 

mitotic sister chromatid segregation, DNA 
replication-dependent nucleosome 
assembly, chromosome 
segregation, regulation of phenotypic 
switching, 

3644665 spindle-assembly checkpoint protein 
(MAD2) 

mitotic sister chromatid segregation, mitotic 
spindle assembly 
checkpoint, pathogenesis, cellular response to 
oxidative stress, cellular response to 
drug, growth of symbiont in host cell, cell 
division, 

3641358 histidine kinase osmosensor(NIK1) osmosensory signaling via phosphorelay 
pathway, pathogenesis, filamentous 
growth, cellular response to farnesol, 

3640422 histidine kinase osmosensor(SLN1) osmosensory signaling via phosphorelay 
pathway, pathogenesis, filamentous 
growth, cell wall organization, cellular 
response to farnesol,  

3640017 C. albicans 37kD cell surface protein 
(AAB66368)(CSP37) 

pathogenesis, 

3644735 secretory aspartyl proteinase (SAP7) pathogenesis, 
3637810 serine/threonine-protein kinase involved in 

cell cycle control(HSL1) 
pathogenesis, 

3640436 similar to hyphal regulated cell wall protein 
HYR1p; (CaO19.3279) 

pathogenesis, 

3643373 Casein kinase II alpha' subunit; potential 
role in cell cycle control(CKA2) 

pathogenesis, calcium-mediated 
signaling, cellular response to oxidative 
stress, cellular response to drug, 

3641034 Gtpase activating protein for Ypt1p(GYP1) pathogenesis, hyphal growth, 
3644531  AP1-like transcription factors 

(CaO19.681) 
pathogenesis, iron assimilation, cellular 
response to alkaline pH, negative regulation of 
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transcription from RNA polymerase II 
promoter in response to iron ion starvation, 

3637241 protein component of the ambient pH 
signal transduction system (CaO19.8500) 

pathogenesis, protein processing, filamentous 
growth, filamentous growth of a population of 
unicellular organisms, regulation of 
intracellular pH, cellular response to pH, 

3646784 Expression Cell Elongation (ECE1) pathogenesis, regulation of cytolysis, single-
species biofilm formation on inanimate 
substrate, cytolysis in other organism, 

3638043 Ca++-Pump, ATPase (CaO19.7089) protein glycosylation, exocytosis, filamentous 
growth, hyphal growth, fungal-type cell wall 
organization, filamentous growth of a 
population of unicellular organisms, Golgi 
calcium ion export, cellular response to 
mechanical stimulus, 

3637354 Vacuolar sorting (VPS36) protein targeting to vacuole, protein 
processing, filamentous growth, cellular 
response to lithium ion, cellular response to 
pH, cellular response to alkaline pH, 

3637572 ATPase involved in vacuolar sorting 
(VPS4) 

protein targeting to vacuole, vacuole 
organization, protein 
secretion, pathogenesis, filamentous 
growth, hyphal growth, late endosome to 
vacuole transport, cellular response to lithium 
ion, 

3641256 translational activator of GCN4 via 
activation of eIF2alpha kinase GCN2 in 
response to starvation; (GCN1) 

regulation of translation, cellular response to 
stress, positive regulation of kinase activity, 

3636638 glucose-induced activation of plasma 
membrane ATPase; role in pseudohyphal 
growth and sexual cycle (GPA2) 

response to pheromone involved in 
conjugation with cellular fusion, signal 
transduction involved in filamentous 
growth, cellular copper ion homeostasis, G-
protein coupled receptor signaling 
pathway, cellular response to 
starvation, pathogenesis, cAMP-mediated 
signaling, filamentous growth, invasive 
growth in response to heat, 

3635160 enzyme involved in the synthesis of 
thiazole precursor to thiamine (THI4) 

response to stress, thiamine biosynthetic 
process, thiazole biosynthetic process, 

3636073 heat shock protein 70(HSP70) response to toxic substance, entry into host 
cell, cellular response to heat, induction by 
symbiont of host defense response, interaction 
with host, 

3644653 Cytoplasmic chaperone; member of the 
HSP70 family (SSA2) 

response to toxic substance, peptide 
transport, interaction with host, 

3645995 cell cycle-specific transcriptional regulator 
of CUP1(ACE2) 

transcription, DNA-templated, regulation of 
transcription, DNA-templated, cell 
adhesion, pathogenesis, cell wall organization, 

3636892 trehalose-6-phosphate 
phosphatase;involved in stress response 
(TPS2) 

trehalose biosynthetic process, cellular 
response to 
starvation, pathogenesis, filamentous 
growth, cellular response to oxidative 
stress,cellular response to heat, negative 
regulation of flocculation, cellular response to 
osmotic stress, 
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4.4 Discussion 
 

IP is used to separate proteins that are bound to a specific antibody from the rest 

of a sample, while co-IP is used to identify protein-protein interactions between the 

protein that bound to the antibody used for IP and additional proteins that are precipitated 

at same time (210). As for the MS it is a crucial analytical tool in the study of biomolecules 

in general and proteins in particular. Actually, they have emerged new experimental 

strategies and advanced mass spectrometers with high resolutions to identify, characterize 

and quantify proteins in a complex samples(212). 

 In this study, we have identified, more than 500 proteins that may interact with 

cbk1 kinase. Such high  number of interactors suggest that the Co-IP method used needs 

to be optimized to confirm these interactions. On the other hand, the central role of Cbk1 

in a wide range of functions, could explain our results.  We highlight the typical roles in 

the pathogenesis of C. albicans, such as adherence, biofilm formation, capacity to grow 

as hyphae or resistance to several extrinsic factors (table XVI). Some proteins are 

particularly relevant, for example: Erg3 is associated with antifungal resistance(213); 

Ace2, a transcription factor associated with pathogenesis and improved adherence(214–

216); Sap7, is a secretory aspartyl proteinase associated with resistance to 

macrophages(217); Gsc1 is responsible for β-1,3-glucan synthesis(218); Cta4 is involved 

in nitric stress resistance(159) and is further linked to  MAPK kinases pathway, involved 

in the most well-known pathogenesis pathways, through the Mkk2  and Hst7 

kinases(219). In S. cerevisiae there are five MAPK pathways known to regulate mating, 

invasive growth, cell wall integrity, hyperosmoregulation and ascospore formation, see 

Figure 44(220).  
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Figure 44- Illustration from MAPK pathways in S.cereviseae. Adapted from(220) 

Some of the C. albicans signaling pathways are not conserved in S. cerevisiae, 

however there are some functional homology in both yeasts. For example, in the cell wall  

integrity pathways, the activation of Mkc1, in C. albicans, homologue of the S. cerevisiae 

Slt2, by oxidative stress is inactive in caPKC1 mutants, indicating that C. albicans has a 

similar yeast Pkc-Slt2 pathway.  The Hog1 pathway seems to be more embracing in C. 

albicans, since. It is activated by various stress conditions, including salt, oxidants, heavy 

metals, farnesol, and UV irradiation rather than high osmolarity only it is the case in S. 

cerevisiae. Several upstream components of the Hog1 pathway in Candida have also been 

characterized, including Pbs2, Ssk,1 and Sho1. The Hog1 pathway also plays a role in 

cell wall biosynthesis and integrity and the Nik1 and Sln1 histidine kinases that have been 

found in co-IP assay with Cbk1 are required for virulence and cell wall integrity in C. 

albicans(220). 

Our Co-IP data show that Cbk1 is directly involved in at least 3 of those pathways, 

since it precipitated with 4 of the proteins of these pathways, namely Hst7, which belongs 

to the pathway of the mating/morphogenesis and filamentation response(99), Pkc1 and 

Mkk2, that act on the protein integrity cell wall response(99) and with Sln1, a kinase that 

works upstream in the Hog1 pathway(99)(Figure 45).  The Sln1 osmosensor is a 

membrane-located histidine kinase that regulates phosphotransferase to a response 

regulator (Ssk1), by phosphorylating the intermediate protein, Ypd1. Sln1 is active under 
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conditions of low osmolarity which inactivate Ssk1 through phosphorylation. When 

osmolarity increases, the Sln1 histidine kinase domain is inactivated, resulting in 

inactivation of the Sln1–Ypd1–Ssk1 pathway and in accumulation of unphosphorylated 

Ssk1. Ssk1 can bind and activate the two redundant MAPKKKs Ssk2 and Ssk22 that 

specifically phosphorylate and activate the Pbs2 MAPKK that triggers the Hog1(221), 

highlighting the central role of Cbk1 in various aspects of C. albicans survival. 

 
Figure 45- Proposal of Cbk1 integration in known C. albicans pathways based on the results obtained 
by our Co-IP results. 
 

Regarding our objective of identifying Cbk1 mediated protein-protein interaction 

network that controls the expression of the C. albicans LeuRS and SerRS, unfortunately 

the data is unclear. We have found numerous interactions between Cbk1 and other 

transcription factors and between Cbk1 and some synthetases such as Glutamyl 

synthetase (GluRS), Asparaginyl Synthetase (AspRS) Isoleucyl synthetase (IleRS 

cytosolic and mitochondrial) and valyl-synthetase (ValRS) (see Table XVIII in annex). 

However, our data does not exclude a possible role of Cbk1 in the regulation of LeuRS 

and SerRS expression. Additional experiments are required to validate our working 

hypothesis in particular optimization of our IP method to avoid secondary interactions 

that confound the interaction network of Cbk1(110). Increasing the number of replicates 

will be important and use softer Co-IP elution buffer may also help. 
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5.1 General Discussion 

 
The correct translation of the genetic code is essential to all life, but despite the existence 

of quality control mechanisms basal errors do occur at the rate of about 10-4 (125). Environmental 

and physiological conditions can increase errors rate beyond the basal level(138). Normally, 

mistranslation is viewed as deleterious because it produces proteins with altered structure and 

function impacting negatively on growth rate and fitness (146). A good example is the mouse 

sticky mutation which is an alteration in the editing domain of alanyl-tRNA synthetase that 

compromises the removal of mischarged tRNAs, introducing genetic code ambiguity. Ultimately, 

it causes accumulation of misfolded proteins that lead to neurodegeneration (147). Also, mutations 

in the editing domain of ValRS that increase amino acid misincorporation, are sufficient to modify 

cell morphology and initiate caspase-dependent apoptosis and cell pathology(148).   

Although mRNA mistranslation is usually associated with loss of fitness there are several 

cases were it is relevant for adaptation to stress(164,222) and pathogenesis(223). Indeed, it occurs 

at high level in Mycobacteria, where high rates of substitution of glutamate for glutamine and 

aspartate for asparagine generate phenotypic tolerance to the antibiotic rifampicin(149). 

Experiments in E. coli mutants with a high level of mistranslation show that antibiotic resistance 

to cefotaxime results from phenotypic mutations caused by mistranslation in protein TEM-

1(224) In fact, many aaRSs that possess broad polyspecificity for non-cognate amino acids, 

improve cellular viability in response to environmental, nutritional or immunological stress. The 

ability to accurately sense and mount an efficient response to stress is essential for the maintenance 

of cellular viability, and alterations in translational fidelity and protein structures can be utilized 

by cells to monitor and respond to adverse environmental conditions. Similarly, the ability to 

produce altered proteins may also enable cellular survival during these periods of stress (137).  

In Candida sp., in particular in C. albicans where the CUG codon is translated as 

Serine(95% to 97%) and Leucine(3% to 5%), by a mutant serine tRNA (tRNACAG Ser) (225)(226). 

More than half of the proteome is affected (150), generating an range of protein variants in each 

cell, creating a functional statistical proteome. This unique proteome generates very high 

phenotypic diversity of high adaptation potencial. Surprisingly, the C.albicans statistical proteome 

had some beneficial effects leading to a better stress response(190), better pathogenic capacity by 

modifying its surface characteristics and adherence and also evading macrophages(226). It may 

play a role in drug resistance adaptation and also accelerates genome evolution rate(190). In other 

words, mistranslation is not always harmful and sometimes allows for fast adaptation to 

environmental challenges.  Dorottya Kalapis, Ana R. Bezerra and colleagues found that 

mistranslation led to rapid evolution of genomic rearrangements, including chromosomal 
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duplications and deletions. By altering the dosages of numerous, functionally related proteins 

simultaneously, these genetic changes introduce large phenotypic leaps that enable adaptation to 

mistranslation. Robustness against mistranslation during laboratory evolution was achieved 

through acceleration of protein turnover—a process that was determined by the combined rates of 

protein synthesis and ubiquitin-proteasome system-mediated degradation(227). 

C. albicans is a commensal that lives with mammalian hosts, where the capacity to adhere 

to host cells and to avoid the host immune response are essential. Thus, it is likely that CUG 

mistranslation may constitute an advantage by conferring increased capability of cells to adhere to 

a broad range of host substrates while minimizing interactions with immune effector cells. CUG 

mistranslation results in greater diversity of the cell surface proteins of C. albicans, and 

also expands the repertoire of metabolic responses of this organism. Thus, CUG mistranslation 

likely expands the host microniches in which C. albicans can grow(44). 

Studies carried out in this thesis and other studies from the host laboratory showed that:  

1) CUG ambiguity is highly sensitive to environmental alterations;  

2) C. albicans tolerates very high levels of Leu incorporation at CUG sites. This raises the 

hypothesis that modulation of CUG ambiguity levels are an intrinsic feature of C. albicans biology 

and pathogenesis. 

In the present study we wished to clarify how CUG ambiguity is regulated. Since the 

tRNACAG
Ser is recognized by both the LeuRS and SerRS we hypothesized that transcriptional 

regulation is a control point of CUG ambiguity. This is supported by the observation that aaRS 

compete between them for similar tRNAs, i.e, the LeuRS and the SerRS compete for charging of 

the tRNACAG
Ser and any alteration in the relative concentration of any of these tRNA synthetases 

will have a direct impact on the level of Serine and Leucine charged on the tRNACAG
Ser. 

Our data showed that:  

1) There is a correlation between leucine incorporation and the LeuRS and SerRS 

expression levels; 

2) The TFs Rph2 and Hap31 and the kinase Cbk1 are putative regulators of LeuRS 

expression; 

Indeed, the data showed that the caCDC60 gene is a primary target of regulation and that 

Ses1 is much less regulated at the transcriptional level; 

An important discovery in this thesis was the high increase of CUG ambiguity in presence 

of THP-1 monocytes and the synergetic effect observed in presence of monocytes and antifungals. 

This effect was only observed in the TF KO strains, since the CBK1 KO strains showed a reduction 

in Leucine incorporation at the CUG codon sites in same conditions. Furthermore, the secretion of 

metabolites or proteins or other cellular components like succinate, itaconate lactate, known as 
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pro-inflammatory in macrophages, may also play a role in CUG mistranslation. These three 

metabolites are marker metabolites for LPS activation, demonstrating a clear pro-inflammatory by 

THP-1 cells activation (228). It would be interesting in the future to identify the THP-1 cells 

secretome components responsible for these effects and think in pharmaceutical applications. It 

would be a complementary work to the Concha Gil’s group(196), where the effect of C. albicans 

on the secretome  of the monocytes was studied. 

To confirm the pathway that regulates CUG ambiguity we performed a Co-IP LC- MS/MS 

assay, which allowed us to identify more than 500 protein-protein interactors of Cbk1. 

Interestingly almost 70 interactions have functions related to pathogenesis (adhesion, biofilm and 

hyphae formation and resistance to external factors), for example Erg3 (antifungal 

resistance(213)); Ace2, (pathogenesis and adherence(214–216)); Sap7 (resistance to 

macrophages(217)); Cta4 (nitric stress resistance (159)). This assay allowed us to associate Cbk1 

with several branches of the MAPK pathway, which constitute new data in the study of the 

adaptation of C. albicans to external factors. Nevertheless, the IP protocol used needs to be 

optimized to reduce secondary interactions that can introduce noise in interpretation of the data.  
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5.2 Future Perspectives 
 

In future works, it would be important to extend our genetic screen to other kinases and 

TFs, in particular because there is already new TF information in databases, that covers a higher 

number of TF, than that used in this study (in 2015). The pathoyeastract 

(http://pathoyeastract.org/) database, are now available with TF information for C. albicans and 

its caCDC60 and caSES1 gene promoters so it is not necessary now, research interactions by 

homology with S.cerevisiae, as performed. It would be important to analyze the Nrg1, Ace2, 

Efg1, Tye7, Mrr1 and Rap1 TFs, that also have binding motifs in the promoters of the caCDC60 

and or caSES1 genes.  

Optimization of our CO-IP protocol, as mentioned before, or perhaps performing a Co-

IP using TFs Rph2 and Hap31 as baits, in order to try to find common interactions and to draw 

a larger network of interactions is also important. Ideally, we would perform a ChIP-seq assay, 

to validate the binding of TFs to promoters of the caCDC60 and caSES1 genes, as predicted in 

silico. 

To continue the line of investigation of the role of THP-1 secretomes, on CUG 

ambiguity an antibody array to test the presence/absence or even quantify THP-1 (monocytes) 

secreted proteins could be useful (https://www.raybiotech.com/human-l-1000-array-glass-

slide-2/).  

Would the silencing of TF and kinases that inhibit SerRS expression be enough to inhibit 

the increase of mistranslation in stressful situations leading to Candida albicans cell death? 

This is a question, which I have not an answer. I hope that our small contribution can be added 

to others in order to achieve this goal: an effective treatment for candidiasis and better living 

conditions to the affected persons. 
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Figure 46- Example of transformation confirmation of KO strains. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 47- Example of western blot membrane to quantification of LeuRS and SerRS expression. 
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Figure 48- Example co-culture of C.albicans with THP-1. 
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Figure 49- Gel with samples submitted to IP with anti-myc-c. 1- JC1780 growth at 30ºC. 2- JC1780 growth at 37ºC. 3- 
JC1780 growth at 30ºC in presence of THP-1. 4- JC1780 growth at 37ºC in presence of THP-1. 5- JC1780 growth at 
37ºC in presence of Amphotericin 6- JC1780 growth at 37ºC in presence of Amphotericin and THP-1. 7- Myc-c positive 
control. 8- Empty. 
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List of scripts and tools to analyze MS/MS raw data in Peaks. 8.0 
 
Script:  “codonsAnalysis_02102018” 
 
####[1]#### 
library(data.table) 
library(stringr) 
library(seqRFLP) 
library(IRanges) 
 
listpep <- read.csv("protein-peptides_onlyValidatedSub.csv") 
listpep<-listpep[order(listpep$uniprotID),] 
names(listpep)[21]<-"uniprot" 
#names(listpep)[22]<-"uniprot"  ##PEAKS 8.5 
listpep$pepSeq<-gsub("\\w\\.(.+)\\.\\w", "\\1", listpep$pepSeq, perl=TRUE) 
listpep$pepSeq<-gsub("\\-\\.(.+)\\.\\w", "\\1", listpep$pepSeq, perl=TRUE) 
listpep$pepSeq<-gsub("\\w\\.(.+)\\.\\-", "\\1", listpep$pepSeq, perl=TRUE) 
listpep$pepSeq<-gsub("\\-\\.(.+)\\.\\-", "\\1", listpep$pepSeq, perl=TRUE) 
listpep$pepSeq<-gsub("sub (\\w)", "\\1", listpep$pepSeq, perl=TRUE) 
listpep$aaSub<- str_extract_all(listpep$pepSeq, "\\w\\([^()]+\\)") 
listpep$aaSub<-gsub("c\\(\"", "" ,listpep$aaSub, perl=TRUE) 
listpep$aaSub<-gsub("\"\\)", "" ,listpep$aaSub, perl=TRUE) 
listpep$aaSub<-gsub("\"", "" ,listpep$aaSub, perl=TRUE) 
#listpep$aaSub<-gsub("c", "" ,listpep$aaSub, perl=TRUE) 
listpep$temp<-gsub("[A-Z]\\([A-Z]\\)", "_" ,listpep$pepSeq, perl=TRUE) 
flag <- gregexpr("_", listpep$temp) 
listpep$posSub<-as.character(flag) 
listpep$posSub<-gsub("c\\(", "" ,listpep$posSub, perl=TRUE) 
listpep$posSub<-gsub("\\)", "" ,listpep$posSub, perl=TRUE) 
 
for (i in 1:length(listpep$uniprot)) { 
  vectorpos<-c() 
  if (listpep$posSub[i] %like% ":" == TRUE) { 
    vectorpos<-unlist(strsplit(as.character(listpep$posSub[i]), "[:]")) 
    start <- as.numeric(vectorpos[1]) 
    end<-as.numeric(vectorpos[length(vectorpos)]) 
    #cat("i->", i, "\n") 
    #cat(vectorpos, "\n") 
    #cat(vectorpos[1], "\n") 
    a<-as.vector(IRanges(start, end))[[1]] 
    #print(paste(as.character(a),collapse=", ")) 
    listpep$posSub[i]<-paste(as.character(a),collapse=", ") 
  } 
} 
 
listpep$temp<-NULL 
setDT(listpep)[, paste0("aaSub", 1:max(listpep$countSub)) := tstrsplit(listpep$aaSub, "\\, ")] 
setDT(listpep)[, paste0("posSub", 1:max(listpep$countSub)) := tstrsplit(listpep$posSub, "\\, ")] 
point<-c() 
for (i in 1:max(listpep$countSub)) { 
  point[[i]]<-(as.numeric(unlist(lapply(listpep$posSub, function(x) strsplit(x, ",")[[1]][i]))) + 
as.numeric(listpep$Start)) -1 
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} 
for (i in 1:max(listpep$countSub)) { 
  setDT(listpep)[, paste0("posProt", i) := point[[i]]] 
} 
colsProt <- as.vector(grep("posProt.+", colnames(listpep))) 
matrixProt<-as.matrix(listpep[,colsProt, with=FALSE]) 
listpep$posProt<-as.data.frame(apply(matrixProt, 1, paste, collapse=",")) 
listpep$posProt<-gsub("(\\,NA\\,NA\\,NA)+", " " ,listpep$posProt, perl=TRUE) 
listpep$posProt<-gsub("(\\,NA\\,NA)+", " " ,listpep$posProt, perl=TRUE) 
listpep$posProt<-gsub("(\\,NA)+", " " ,listpep$posProt, perl=TRUE) 
pepsubst <- data.frame(listpep$uniprot,listpep$pepSeq) 
pepsubst.fasta = dataframe2fas(pepsubst, file="pepsubst.fasta") 
pepsubst_no <- data.frame(listpep$uniprot,listpep$seqOriginal) 
pepsubst_no.fasta = dataframe2fas(pepsubst_no, file="pepsubst_nosymbol.fasta") 
 
###[2]### 
library(protr) 
library(seqRFLP) 
library(dplyr) 
# 
proteinseq <-getUniProt(listpep$uniprot) 
proteins<-do.call(rbind.data.frame, proteinseq) 
proteins<-cbind(listpep$uniprot, proteins, nchar(proteinseq)) 
names(proteins)[1]<-"uniprot" 
names(proteins)[2]<-"proteinseq" 
names(proteins)[3]<-"proteinLen" 
originalprotein.fasta = dataframe2fas(proteins[,1:2], file="originalprotein.fasta") 
listpep<-merge(listpep, proteins, by="uniprot", all=TRUE, allow.cartesian=TRUE) 
listpep<-distinct(listpep) 
print("Protein sequences DONE! Let's find if the peptide match in protein sequence ... ") 
# 
###[3]### 
library(Biostrings) 
library(pracma) 
seq1<-readFASTA(file="originalprotein.fasta") 
seq2<-readFASTA(file="pepsubst_nosymbol.fasta") 
sink("resultsfromMATCH.txt") 
for (i in 1:length(seq2)) { 
  if (strcmp(names(seq2[i]), names(seq1[i]))==1) { 
    print(names(seq2[i])) 
    print(matchPattern(seq2[[i]], seq1[[i]])) 
  } 
} 
closeAllConnections() 
print("Finished the match! Open the output file and confirm if every peptide sequence has a 
match with 
 protein sequence!") 
# 
 
# 
###[4]### 
library(annotate) 
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library(stringr) 
library(dplyr) 
print("Keep calm and get the DNA sequences!") 
# 
mapped_ids <- read.delim(file="ids_mapped.txt", header=TRUE, sep="\t") 
names(mapped_ids)[1]<-"uniprot" 
names(mapped_ids)[2]<-"refseqRNA" 
mapped_ids$refseqRNA<-gsub("\\.\\d", "", mapped_ids$refseqRNA) 
 
pep_mapped<-merge(mapped_ids, listpep, by.listpep="uniprot", all.y=TRUE) 
pep_mapped<-distinct(pep_mapped) 
pep_mapped[is.na(pep_mapped)]<-"N/A" 
DNAseq<-c() 
sink("DNAlogfile.txt") 
for (i in 1:length(pep_mapped$refseqRNA)) { 
  if (pep_mapped$refseqRNA[i]=="N/A") { 
    pep_mapped$DNAseq[i]<-"N/A" 
    print("We couldn't find this refseq id from uniprot id:") 
    print(pep_mapped$uniprot[i]) 
    next 
  } 
  else{ 
    pep_mapped$DNAseq[i]<-getSEQ(pep_mapped$refseqRNA[i])   
  } 
} 
closeAllConnections() 
dnafile<-data.frame(pep_mapped$uniprot, pep_mapped$DNAseq) 
names(dnafile)[1]<-"uniprot" 
names(dnafile)[2]<-"dnaSeq" 
originaldna.fasta = dataframe2fas(dnafile, file="originaldna.fasta") 
print("Before to continue:") 
print("IT'S VERY IMPORTANT to check the DNAlogfile.txt to see if you need to add some dna 
sequence manually!") 
# 
###[5]### 
library(protr) 
library(pracma) 
library(Biostrings) 
library(data.table) 
library(seqRFLP) 
# 
# 
fileDNA<-readFASTA(file="originaldna.fasta") 
a<-0 
n <- 3 
ID=c() 
codon<-c() 
 
for (i in 1:length(fileDNA)) { 
  if (names(fileDNA[i]) == pep_mapped$uniprot[i]) { 
    print(codonstemp<-sapply(seq(1,nchar(fileDNA[[i]]),by=n), function(x) substr(fileDNA[[i]], 
x, x+n-1))) 
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    ID[i]<-names(fileDNA[i]) 
    codon[[i]]<-codonstemp[as.numeric(listpep[i,colsProt, with=FALSE])] 
    pep_mapped$dnaLen[i]<-length(codonstemp) - 1 
  } 
} 
pep_mapped$posDNA<-as.character(codon) 
pep_mapped$posDNA<-gsub("c\\(", "" ,pep_mapped$posDNA, perl=TRUE) 
pep_mapped$posDNA<-gsub("\\)", "" ,pep_mapped$posDNA, perl=TRUE) 
pep_mapped$posDNA<-gsub("\"", "" ,pep_mapped$posDNA, perl=TRUE) 
setDT(pep_mapped)[, paste0("posDNA", 1:max(pep_mapped$countSub)) := 
tstrsplit(pep_mapped$posDNA, "\\, ")] 
 
change<-colnames(pep_mapped) 
colnames(pep_mapped)<-gsub("X.", "" ,change, perl=TRUE) 
write.table(pep_mapped, file="tablefinalproteomics.txt", sep="\t", na="N/A", row.names = 
FALSE) 
write.csv(pep_mapped, file="tablefinalproteomics.csv", na="N/A", row.names = FALSE) 
print("The final table is DONE!") 
closeAllConnections() 
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Script: “create_mutated_peptide_new_21092018” 
 
 
#pepmutado 
##### [1] MANIPULATE THE PEPTIDE SEQUENCE ##### 
library(seqinr) 
library(seqRFLP) 
library(xlsx) 
library(stringr) 
library(data.table) 
 
# add mut peptides without other PTMs 
listpep <- read.table(file="protein-peptides_onlySub.txt", sep = "\t", header=TRUE) 
listpep$Protein.Accession<-gsub("tr\\|(.+)", "\\1", listpep$Protein.Accession, perl=TRUE) 
listpep$Protein.Accession<-gsub("sp\\|(.+)", "\\1", listpep$Protein.Accession, perl=TRUE) 
listpep<-setDT(listpep)[, paste0("info", 1:2) := tstrsplit(listpep$Protein.Accession, "\\|")] 
listpep$info2<-gsub("(\\_YEAST)", "", listpep$info2, perl=TRUE) 
listpep$info2<-gsub("(\\_CANAL)", "", listpep$info2, perl=TRUE) ###candida albicans 
names(listpep)[23]<-"uniprotID" 
#names(listpep)[24]<-"uniprotID"  ##PEAKS 8.5 
names(listpep)[24]<-"geneName" 
#names(listpep)[25]<-"geneName"  ##PEAKS 8.5 
listpep<-listpep[order(listpep$uniprotID, listpep$Peptide),] 
listpep$pepSeq<-gsub("\\(\\+\\d+\\.\\d+\\)", "", listpep$Peptide, perl=TRUE) 
listpep$pepSeq<-gsub("\\(\\-\\d+\\.\\d+\\)", "", listpep$pepSeq, perl=TRUE) 
 
listpep$seqOriginal<-gsub("[A-Z]\\(sub\\s([A-Z])\\)", "\\1" ,listpep$pepSeq, perl=TRUE) 
listpep$seqMut<-gsub("([A-Z])\\(sub\\s[A-Z]\\)", "\\1" ,listpep$pepSeq, perl=TRUE) 
 
pep_original <- data.frame(listpep$uniprotID,listpep$seqOriginal) 
write.csv(pep_original, file="pep_original.csv") 
pepsubst_mut <- data.frame(listpep$uniprotID,listpep$seqMut) 
write.csv(pepsubst_mut, file="pep_mutated.csv") 
 
 
# add peptides with other PTMs 
listpep$seqOriginal_PTM<-gsub("[A-Z]\\(sub\\s([A-Z])\\)", "\\1" ,listpep$Peptide, perl=TRUE) 
listpep$seqMut_PTM<-gsub("([A-Z])\\(sub\\s[A-Z]\\)", "\\1" ,listpep$Peptide, perl=TRUE) 
 
pep_original_PTM <- data.frame(listpep$uniprotID,listpep$seqOriginal_PTM) 
write.csv(pep_original_PTM, file="pep_original_PTM.csv") 
pepsubst_mut_PTM <- data.frame(listpep$uniprotID,listpep$seqMut_PTM) 
write.csv(pepsubst_mut_PTM, file="pep_mutated_PTM.csv") 
 
 
## create 1 file with sequences with and without other PTMs 
write.csv(listpep, file="protein-peptides_onlySub_allSeq.csv", row.names = FALSE) 
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Script: “ PeaksResults_to_FastaforValidation” 
 
library(data.table) 
library(stringr) 
library(plyr) 
library(Biostrings) 
library(reshape2) 
library(dplyr) 
library(seqinr) 
library(seqRFLP) 
library(xlsx) 
 
 
#Original file PEAKS_ .csv 
mainfile <- read.csv(file="protein-peptides.csv") 
 
#Order by uniprotID and Peptide 
mainfile<-mainfile[order(mainfile$Protein.Accession, mainfile$Peptide),] 
names(mainfile)[13]<-"Intensity" 
 
#Remove duplicates for Scan 
mainfile_nodupliScan<-distinct(mainfile, Scan, Mass, Intensity, .keep_all = TRUE) 
write.table(mainfile_nodupliScan, file="protein-peptides.txt", sep= "\t", row.names = FALSE) 
 
#File with peptides modified 
mainfile_nodupliScan$countSub <- str_count(mainfile_nodupliScan$Peptide, "\\(sub ") 
extractSub<-subset(mainfile_nodupliScan, mainfile_nodupliScan$countSub>=1) 
write.table(extractSub, file="protein-peptides_OnlySub.txt", sep= "\t", row.names = FALSE) 
 
#Working only with peptides modified 
names(extractSub)[3]<-"uniprotID" 
names(extractSub)[4]<-"pepSeq" 
extractSub<-extractSub[order(extractSub$uniprotID),] 
 
extractSub$pepSeq<-gsub("\\w\\.(.+)\\.\\w", "\\1", extractSub$pepSeq, perl=TRUE) 
extractSub$pepSeq<-gsub("\\-\\.(.+)\\.\\w", "\\1", extractSub$pepSeq, perl=TRUE) 
extractSub$pepSeq<-gsub("\\w\\.(.+)\\.\\-", "\\1", extractSub$pepSeq, perl=TRUE) 
extractSub$pepSeq<-gsub("\\-\\.(.+)\\.\\-", "\\1", extractSub$pepSeq, perl=TRUE) 
extractSub$pepSeq<-gsub("\\-\\.(.+)", "\\1", extractSub$pepSeq, perl=TRUE) 
extractSub$pepSeq<-gsub("\\w\\.(.+)", "\\1", extractSub$pepSeq, perl=TRUE) 
extractSub$pepSeq<-gsub("(.+)\\.\\w", "\\1", extractSub$pepSeq, perl=TRUE) 
extractSub$pepSeq<-gsub("(.+)\\.\\-", "\\1", extractSub$pepSeq, perl=TRUE) 
extractSub$pepSeq<-gsub("\\(\\+\\d+\\)", "", extractSub$pepSeq, perl=TRUE) 
extractSub$pepSeq<-gsub("\\(\\-\\d+\\)", "", extractSub$pepSeq, perl=TRUE) 
extractSub$pepSeq<-gsub("\\(\\+\\d+\\.\\d+\\)", "", extractSub$pepSeq, perl=TRUE) 
extractSub$pepSeq<-gsub("\\(\\-\\d+\\.\\d+\\)", "", extractSub$pepSeq, perl=TRUE) 
 
extractSub$uniprotID<-gsub("tr\\|(.+)", "\\1", extractSub$uniprotID, perl=TRUE) 
extractSub$uniprotID<-gsub("sp\\|(.+)", "\\1", extractSub$uniprotID, perl=TRUE) 
extractSub<-setDT(extractSub)[, paste0("info", 1:2) := tstrsplit(extractSub$uniprotID, "\\|")] 
extractSub$info2<-gsub("(\\_YEAST)", "", extractSub$info2, perl=TRUE) 
#extractSub$info2<-gsub("(\\_CANAL)", "", extractSub$info2, perl=TRUE) ###candida 
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albicans 
extractSub<-extractSub[order(extractSub$uniprotID),] 
names(extractSub)[24]<-"geneName" 
#names(extractSub)[25]<-"geneName"  ##PEAKS 8.5 
extractSub$uniprotID<-NULL 
names(extractSub)[22]<-"uniprotID" 
#names(extractSub)[23]<-"uniprotID"  ##PEAKS 8.5 
uniprot<-c() 
for (i in 1:length(extractSub$uniprotID)) { 
  x<-i 
  uniprot[i]<-paste(extractSub$uniprotID[i],x,sep="_") 
} 
pep_mapped<-cbind.data.frame(uniprot, extractSub) 
pep_mapped$seqOriginal<-gsub("[A-Z]\\(sub\\s([A-Z])\\)", "\\1" ,pep_mapped$pepSeq, 
perl=TRUE) 
pep_mapped$seqMut<-gsub("([A-Z])\\(sub\\s[A-Z]\\)", "\\1" ,pep_mapped$pepSeq, perl=TRUE) 
 
pep_original <- data.frame(pep_mapped$uniprot,pep_mapped$seqOriginal) 
pep_original.fasta = dataframe2fas(pep_original, file="pep_original.fasta") 
pepsubst_mut <- data.frame(pep_mapped$uniprot,pep_mapped$seqMut) 
pepsubst_mut.fasta = dataframe2fas(pepsubst_mut, file="pep_mutate.fasta") 
 
## GET ALL ORIGINAL PROTEIN SEQUENCE #### 
library(protr) 
library(seqinr) 
library(seqRFLP) 
# 
proteinseq <-getUniProt(extractSub$uniprotID) 
proteins<-do.call(rbind.data.frame, proteinseq) 
proteins<-cbind(extractSub$uniprot, proteins) 
names(proteins)[1]<-"uniprot" 
names(proteins)[2]<-"proteinseq" 
originalprotein.fasta = dataframe2fas(proteins, file="originalprotein.fasta") 
 
#############################################################################
#### GO TO PERL AND RUN enumerateheaders.pl ########### 
 
#### MATCH PATTERN BETWEEN PEPTIDE SEQ AND PROTEIN SEQ 
install.packages("seqinr") 
library(protr) 
library(seqinr) 
library(pracma) 
library(Biostrings) 
 
# 
seq1<- read.fasta(file = "originalprotein.fasta") 
seq2<- read.fasta(file = "pep_original.fasta") 
seq_a<-0 
seq_b<-0 
idsfinal<-0 
seqfinal<-0 
seqtemp<-0 
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idstemp<-0 
sink("resultsfromMATCHoriginal.txt") 
for (i in 1:length(getAnnot(seq2))) { 
  seq_a[i]<-getSequence(seq1[[i]], as.string = TRUE) 
  seq_b[i]<-getSequence(seq2[[i]], as.string = TRUE) 
  if (strcmp(getName(seq2[i]), getName(seq1[i]))==1) { 
    print(getName(seq2[i])) 
    print(matchPattern(seq_b[[i]], seq_a[[i]])) 
  } 
} 
sink() 
 
sink.reset <- function(){ 
  for(i in seq_len(sink.number())){ 
    sink(NULL) 
  } 
} 
#############################################################################
#######  GO TO PERL AND RUN extractmatchinfo.pl ########### 
 
######  CHANGE PEPTIDE SEQUENCE ##### 
library(data.table) 
library(seqRFLP) 
 
file1 <- read.table(file="output_match.info", header= TRUE, sep = "\t") 
file1<-file1[with(file1, order(file1$ID)), ] 
file1$START_PEP2 = NULL 
file1$END_PEP2 = NULL 
file1$SEQ_MUT<-pep_mapped$seqMut 
file1$original_protein<-proteins$proteinseq 
file1$START_PEP1<-gsub("\\[\\d\\]", "", file1$START_PEP1) 
 
start<-as.numeric(file1$START_PEP1) 
stop<-as.numeric(file1$END_PEP1) 
s<-as.character(file1$original_protein) 
newprotein<-c() 
for (i in 1:length(file1$ID)) { 
  newprotein[i]<-paste(substr(s[i], 1, start[i]-1), file1$SEQ_MUT[i], substr(s[i], stop[i]+1, 
nchar(s[i])), sep="") 
} 
 
final <- cbind.data.frame(file1, newprotein) 
final$finalheader<-gsub("(.+)", "\\1_mut", final$ID) 
finalfasta <- data.frame(final$finalheader,final$newprotein) 
finalfasta.fasta = dataframe2fas(finalfasta, file="finalfasta.fasta") 
write.table(final, file="finalinfo.txt") 
 
## create new proteins fasta (need to delete other fasta, except finalfasta.fasta and uniprot-
proteome...) 
newfasta <- file.cat(dir = getwd(), appendix = ".fasta", "uniprot-
proteome_Calbicans_GFP_day286_all.fasta") 
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Script: “ValidationMatch” 
 
 
 
library(seqinr) 
library(seqRFLP) 
library(xlsx) 
library(stringr) 
library(data.table) 
library(dplyr) 
 
## open file pep_mutated_final 
pepsubst <- read.csv("protein-peptides_onlySub_allSeq.csv") 
pepsubst<-pepsubst[order(pepsubst$uniprotID),] 
 
## open file for validation 
fileValidation <- read.csv(file="protein-peptides.csv") 
fileValidation<-setDT(fileValidation)[, paste0("info", 1:3) := 
tstrsplit(fileValidation$Protein.Accession, "\\_")] 
fileValidation$info2<-NULL 
fileValidation$info3<-NULL 
names(fileValidation)[23]<-"uniprotID" 
#names(fileValidation)[22]<-"uniprotID"  ##PEAKS 8.0 
fileValidation$Peptide2 <- gsub("\\(\\+\\d+\\.\\d+\\)", "", fileValidation$Peptide, perl=TRUE) 
fileValidation$Peptide2 <- gsub("\\(\\-\\d+\\.\\d+\\)", "", fileValidation$Peptide2, perl=TRUE) 
 
## match 
pepsubst$matchProt <- match(pepsubst$uniprotID, fileValidation$uniprotID, nomatch = 
NA_integer_) 
pepsubst$matchPep <- match(pepsubst$seqMut_PTM, fileValidation$Peptide, nomatch = 
NA_integer_) 
pepsubst$matchPep2 <- match(pepsubst$seqMut, fileValidation$Peptide2, nomatch = 
NA_integer_) 
 
## remove rows with NAs in matchPep and matchPep2 
pepsubst_validated<-filter_at(pepsubst, .vars = vars(matchPep, matchPep2), .vars_predicate = 
any_vars(!is.na(.))) 
pepsubst_validated$Protein.Group<-NULL 
pepsubst_validated$Protein.ID <-NULL 
pepsubst_validated$matchProt <-NULL 
pepsubst_validated$matchPep <-NULL 
pepsubst_validated$matchPep2 <-NULL 
 
write.csv(pepsubst_validated, file="protein-peptides_onlyValidatedSub.csv", row.names = 
FALSE) 
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Scripts “CodonsNumberOccurrences_15112018_FINAL” 
 
library(data.table) 
library(stringr) 
library(plyr) 
library(Biostrings) 
library(reshape2) 
library(dplyr) 
library(seqinr) 
library(seqRFLP) 
library(xlsx) 
library(IRanges) 
 
#Original file PEAKS_ .csv 
mainfile <- read.csv(file="protein-peptides.csv") 
 
#Order by uniprotID and Peptide 
mainfile<-mainfile[order(mainfile$Protein.Accession, mainfile$Peptide),] 
names(mainfile)[13]<-"Intensity" 
 
#Remove duplicates for Scan 
mainfile_nodupliScan<-distinct(mainfile, Scan, Mass, Intensity, .keep_all = TRUE) 
 
listpep <- subset(mainfile_nodupliScan, select=c("Protein.Accession", "Peptide", "Start", "End", 
"Length")) 
names(listpep)[1]<-"uniprotID" 
names(listpep)[2]<-"pepSeq" 
names(listpep)[3]<-"pepStart" 
names(listpep)[4]<-"pepEnd" 
names(listpep)[5]<-"pepLen" 
listpep$pepSeq<-gsub("\\w\\.(.+)\\.\\w", "\\1", listpep$pepSeq, perl=TRUE) 
listpep$pepSeq<-gsub("\\-\\.(.+)\\.\\w", "\\1", listpep$pepSeq, perl=TRUE) 
listpep$pepSeq<-gsub("\\w\\.(.+)\\.\\-", "\\1", listpep$pepSeq, perl=TRUE) 
listpep$pepSeq<-gsub("\\-\\.(.+)\\.\\-", "\\1", listpep$pepSeq, perl=TRUE) 
listpep$pepSeq<-gsub("\\-\\.(.+)", "\\1", listpep$pepSeq, perl=TRUE) 
listpep$pepSeq<-gsub("\\w\\.(.+)", "\\1", listpep$pepSeq, perl=TRUE) 
listpep$pepSeq<-gsub("(.+)\\.\\w", "\\1", listpep$pepSeq, perl=TRUE) 
listpep$pepSeq<-gsub("(.+)\\.\\-", "\\1", listpep$pepSeq, perl=TRUE) 
listpep$pepSeq<-gsub("\\(\\+\\d+\\)", "", listpep$pepSeq, perl=TRUE) 
listpep$pepSeq<-gsub("\\(\\-\\d+\\)", "", listpep$pepSeq, perl=TRUE) 
listpep$pepSeq<-gsub("\\(\\+\\d+\\.\\d+\\)", "", listpep$pepSeq, perl=TRUE) 
listpep$pepSeq<-gsub("\\(\\-\\d+\\.\\d+\\)", "", listpep$pepSeq, perl=TRUE) 
listpep$pepSeq<-gsub("[A-Z]\\(sub\\s([A-Z])\\)", "\\1" ,listpep$pepSeq, perl=TRUE) 
listpep<-distinct(listpep, pepSeq, .keep_all = TRUE) 
listpep$uniprotID<-gsub("tr\\|(.+)", "\\1", listpep$uniprotID, perl=TRUE) 
listpep$uniprotID<-gsub("sp\\|(.+)", "\\1", listpep$uniprotID, perl=TRUE) 
listpep<-setDT(listpep)[, paste0("info", 1:2) := tstrsplit(listpep$uniprotID, "\\|")] 
 
names(listpep)[7]<-"geneName" 
listpep$uniprotID<-NULL 
names(listpep)[5]<-"uniprotID" 
listpep<-listpep[order(listpep$uniprotID),] 
uniprot<-c() 
for (i in 1:length(listpep$uniprotID)) { 
  x<-i 
  uniprot[i]<-paste(listpep$uniprotID[i],x,sep="_") 
} 
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listpep<-cbind.data.frame(uniprot, listpep) 
listpep$countS <- str_count(listpep$pepSeq, "S") 
listpep$temp<-gsub("S", "_" ,listpep$pepSeq, perl=TRUE) 
flag <- gregexpr("_", listpep$temp) 
listpep$posS<-as.character(flag) 
 
listpep$posS<-gsub("c\\(", "" ,listpep$posS, perl=TRUE) 
listpep$posS<-gsub("\\)", "" ,listpep$posS, perl=TRUE) 
 
for (i in 1:length(listpep$uniprot)) { 
  vectorpos<-c() 
  if (listpep$posS[i] %like% ":" == TRUE) { 
    vectorpos<-unlist(strsplit(as.character(listpep$posS[i]), "[:]")) 
    start <- as.numeric(vectorpos[1]) 
    end<-as.numeric(vectorpos[length(vectorpos)]) 
    #cat("i->", i, "\n") 
    #cat(vectorpos, "\n") 
    #cat(vectorpos[1], "\n") 
    a<-as.vector(IRanges(start, end))[[1]] 
    #print(paste(as.character(a),collapse=", ")) 
    listpep$posS[i]<-paste(as.character(a),collapse=", ") 
  } 
} 
 
listpep$temp<-NULL 
listpep$posS<-gsub("\\-1", "0", listpep$posS, perl=TRUE) 
setDT(listpep)[, paste0("posS", 1:max(listpep$countS)) := tstrsplit(listpep$posS, "\\,")] 
point<-c() 
for (i in 1:max(listpep$countS)) { 
  point[[i]]<-(as.numeric(unlist(lapply(listpep$posS, function(x) strsplit(x, ",")[[1]][i]))) + 
as.numeric(listpep$pepStart)) -1 
} 
for (i in 1:max(listpep$countS)) { 
  setDT(listpep)[, paste0("posProt", i) := point[[i]]] 
} 
colsProt <- as.vector(grep("posProt.+", colnames(listpep))) 
matrixProt<-as.matrix(listpep[,colsProt, with=FALSE]) 
listpep$posProt<-as.data.frame(apply(matrixProt, 1, paste, collapse=",")) 
listpep$posProt<-gsub("(\\,NA\\,NA)+", " " ,listpep$posProt, perl=TRUE) 
listpep$posProt<-gsub("(\\,NA)+", " " ,listpep$posProt, perl=TRUE) 
pepNOsubst <- data.frame(listpep$uniprot,listpep$pepSeq) 
pepNOsubst.fasta = dataframe2fas(pepNOsubst, file="pepNOsubst.fasta") 
write.csv(listpep, "noSub.csv", row.names = FALSE) 
 
library(protr) 
library(seqRFLP) 
 
# 
proteinseq <-getUniProt(listpep$uniprotID) 
proteins<-do.call(rbind.data.frame, proteinseq) 
proteins<-cbind(listpep$uniprot, proteins, nchar(proteinseq)) 
names(proteins)[1]<-"uniprot" 
names(proteins)[2]<-"proteinseq" 
names(proteins)[3]<-"proteinLen" 
originalprotein.fasta = dataframe2fas(proteins[,1:2], file="originalprotein_scriptNOsub.fasta") 
listpep<-merge(listpep, proteins, by="uniprot", all=TRUE) 
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library(annotate) 
library(stringr) 
 
# 
mapped_ids <- read.delim(file="ids_mapped.txt", header=TRUE, sep="\t") 
names(mapped_ids)[1]<-"uniprotID" 
names(mapped_ids)[2]<-"refseqRNA" 
mapped_ids$refseqRNA<-gsub("\\.\\d\\.*", "", mapped_ids$refseqRNA) 
mapped_ids<-mapped_ids[order(mapped_ids$uniprotID),] 
####  
cat(">>>>>I SAID A WHILEEEEE ...", "\n") 
mergeids<-merge(mapped_ids, listpep, by.listpep="uniprotID", all.y=TRUE) 
mergeids<-mergeids[!duplicated(mergeids["uniprot"]),] 
mergeids[is.na(mergeids)]<-"N/A" 
DNAseq<-c() 
sink("DNAlogfile.txt") 
for (i in 1:length(mergeids$refseqRNA)) { 
  if (mergeids$refseqRNA[i]=="N/A") { 
    mergeids$DNAseq[i]<-"N/A" 
    print("We couldn't find this refseq id from uniprot id:", "\n") 
    print(mergeids$uniprot[i]) 
    next 
  } 
  else{ 
    mergeids$DNAseq[i]<-getSEQ(mergeids$refseqRNA[i])   
  } 
} 
closeAllConnections() 
 
dnafile<-data.frame(mergeids$uniprot, mergeids$DNAseq) 
names(dnafile)[1]<-"uniprot" 
names(dnafile)[2]<-"dnaSeq" 
originaldna.fasta = dataframe2fas(dnafile, file="originaldna.fasta") 
write.table(mergeids, file="mergeids.txt", row.names=FALSE, sep="\t") 
write.table(listpep, file="listpep.txt", row.names=FALSE, sep="\t") 
 
library(protr) 
library(pracma) 
library(Biostrings) 
library(data.table) 
library(seqRFLP) 
closeAllConnections() 
cat(">>>>>I WAS NOT JOKING ...", "\n") 
fileDNA<-readFASTA(file="originaldna.fasta") 
mergeids<-read.delim("mergeids.txt", sep="\t", header=TRUE) 
listpep<-read.delim("listpep.txt", sep="\t", header=TRUE) 
listpep<-as.data.frame(listpep) 
colsProt <- as.vector(grep("posProt.+", colnames(listpep))) 
a<-0 
n <- 3 
ID=c() 
codon<-c() 
cat(">>>>>ALMOST DONE ...", "\n") 
for (i in 1:length(fileDNA)) { 
  if (names(fileDNA[i]) == mergeids$uniprot[i]) { 
    codonstemp<-sapply(seq(1,nchar(fileDNA[[i]]),by=n), function(x) substr(fileDNA[[i]], x, x+n-1)) 
    ID[i]<-names(fileDNA[i]) 
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    codon[[i]]<-codonstemp[as.numeric(listpep[i,colsProt])] 
    mergeids$dnaLen[i]<-length(codonstemp) - 1 
  } 
} 
listpep$posDNA<-as.character(codon) 
listpep$posDNA<-gsub(":", "," ,listpep$posDNA, perl=TRUE) 
listpep$posDNA<-gsub("c\\(", "" ,listpep$posDNA, perl=TRUE) 
listpep$posDNA<-gsub("\\)", "" ,listpep$posDNA, perl=TRUE) 
listpep$posDNA<-gsub("\"", "" ,listpep$posDNA, perl=TRUE) 
setDT(listpep)[, paste0("posDNA", 1:max(listpep$countS)) := tstrsplit(listpep$posDNA, "\\,")] 
amazingTable<-merge(listpep, mergeids, by="uniprot", all=TRUE) 
drop.cols <- grep(".y", colnames(amazingTable)) 
change<-colnames(amazingTable) 
colnames(amazingTable)<-gsub(".x", "" ,change, perl=TRUE) 
colsdna <- as.numeric(as.vector(grep("posDNA.+", colnames(amazingTable)))) 
vector<-as.vector(as.matrix(amazingTable[,colsdna[1]:tail(colsdna, n=1)]))  
tct<-length(grep("TCT", vector)) 
tcc<-length(grep("TCC", vector)) 
tca<-length(grep("TCA", vector)) 
tcg<-length(grep("TCG", vector)) 
agt<-length(grep("AGT", vector)) 
agc<-length(grep("AGC", vector)) 
ctg<-length(grep("CTG", vector)) 
sink("FINALCOUNTS_SERINE.txt") 
cat("Number of occurences -> TCT:", tct, "| TCC:", tcc, "| TCA:", tca, "| TCG:", tcg, "| AGT:", agt, "| 
AGC:", agc, " | CTG:", ctg) 
closeAllConnections() 
cat("Number of occurences -> TCT:", tct, "| TCC:", tcc, "| TCA:", tca, "| TCG:", tcg, "| AGT:", agt, "| 
AGC:", agc, " | CTG:", ctg, "\n\n\n") 
cat(">>>>>Thank you for using the CodonsNumberOccurrences.r", "\n\n\n") 
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Script: “getTop10Misinc_tablefinalproteomics” 
 
#analyse top10 more frequent aa misincorporations 
 
results <- read.csv(file="tablefinalproteomics.csv") 
setDT(results)[, paste0("aaSub1", 1:2) := tstrsplit(results$aaSub1, "\\(")] 
##pay attention to the # of columns 
names(results)[46] <- "SubAA1" 
names(results)[47] <- "WTAA1" 
results$WTAA1<-gsub("\\)", "" ,results$WTAA1, perl=TRUE) 
 
setDT(results)[, paste0("aaSub2", 1:2) := tstrsplit(results$aaSub2, "\\(")] 
names(results)[48] <- "SubAA2" 
names(results)[49] <- "WTAA2" 
results$WTAA2<-gsub("\\)", "" ,results$WTAA2, perl=TRUE) 
 
 
setDT(results)[, paste0("aaSub3", 1:2) := tstrsplit(results$aaSub3, "\\(")] 
names(results)[58] <- "SubAA3" 
names(results)[59] <- "WTAA3" 
results$WTAA3<-gsub("\\)", "" ,results$WTAA3, perl=TRUE) 
 
 
setDT(results)[, paste0("aaSub4", 1:2) := tstrsplit(results$aaSub4, "\\(")] 
names(results)[60] <- "SubAA4" 
names(results)[61] <- "WTAA4" 
results$WTAA4<-gsub("\\)", "" ,results$WTAA4, perl=TRUE) 
 
## 
 
Data1Sub <- data.frame("Uniprot" = results$uniprot, "GeneName" = results$geneName, 
"ProteinAccession" = results$Protein.Accession,  
                       "Peptide" = results$Peptide, "Intensity" = results$Intensity, "Spec" = results$Spec, 
                       "SourceFile" = results$Source.File, "Start" = results$Start, "End" = results$End, 
"CountSub" = results$countSub, 
                       "aaSub" = results$aaSub, "aaSubX" = results$aaSub1, "PositionProtein" = 
results$posProt, 
                       "PositionProteinX" = results$posProt1, "Codons" = results$posDNA, "CodonX" = 
results$posDNA1, 
                       "SubAAX" = results$SubAA1, "AAWTX" = results$WTAA1) 
 
Data2Sub <- data.frame("Uniprot" = results$uniprot, "GeneName" = results$geneName, 
"ProteinAccession" = results$Protein.Accession,  
                       "Peptide" = results$Peptide, "Intensity" = results$Intensity, "Spec" = results$Spec, 
                       "SourceFile" = results$Source.File, "Start" = results$Start, "End" = results$End, 
"CountSub" = results$countSub, 
                       "aaSub" = results$aaSub, "aaSubX" = results$aaSub2, "PositionProtein" = 
results$posProt, 
                       "PositionProteinX" = results$posProt2, "Codons" = results$posDNA, "CodonX" = 
results$posDNA2, 
                       "SubAAX" = results$SubAA2, "AAWTX" = results$WTAA2) 
Data2Sub <- na.omit(Data2Sub, cols="AAWTX") 
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Data3Sub <- data.frame("Uniprot" = results$uniprot, "GeneName" = results$geneName, 
"ProteinAccession" = results$Protein.Accession,  
                       "Peptide" = results$Peptide, "Intensity" = results$Intensity, "Spec" = results$Spec, 
                       "SourceFile" = results$Source.File, "Start" = results$Start, "End" = results$End, 
"CountSub" = results$countSub, 
                       "aaSub" = results$aaSub, "aaSubX" = results$aaSub3, "PositionProtein" = 
results$posProt, 
                       "PositionProteinX" = results$posProt3, "Codons" = results$posDNA, "CodonX" = 
results$posDNA3, 
                       "SubAAX" = results$SubAA3, "AAWTX" = results$WTAA3) 
Data3Sub <- na.omit(Data3Sub, cols="AAWTX") 
 
Data4Sub <- data.frame("Uniprot" = results$uniprot, "GeneName" = results$geneName, 
"ProteinAccession" = results$Protein.Accession,  
                       "Peptide" = results$Peptide, "Intensity" = results$Intensity, "Spec" = results$Spec, 
                       "SourceFile" = results$Source.File, "Start" = results$Start, "End" = results$End, 
"CountSub" = results$countSub, 
                       "aaSub" = results$aaSub, "aaSubX" = results$aaSub4, "PositionProtein" = 
results$posProt, 
                       "PositionProteinX" = results$posProt4, "Codons" = results$posDNA, "CodonX" = 
results$posDNA4, 
                       "SubAAX" = results$SubAA4, "AAWTX" = results$WTAA4) 
Data4Sub <- na.omit(Data4Sub, cols="AAWTX") 
 
DataAllSub <- merge(Data1Sub, Data2Sub, all = TRUE) 
DataAllSub <- merge(DataAllSub, Data3Sub, all = TRUE) 
 
## 
DataAllSub <- merge(DataAllSub, Data4Sub, all = TRUE) 
## 
 
write.csv(DataAllSub, file="Data_all_Sub.csv", row.names = FALSE) 
 
matrix1 <- with(DataAllSub, table(DataAllSub$SubAAX, DataAllSub$CodonX)) 
 
countSubType <- melt(matrix1) 
names(countSubType)[1] <- "NewAA" 
names(countSubType)[2] <- "CodonAffected" 
names(countSubType)[3] <- "Count" 
countSubType <- subset(countSubType, countSubType$Count > 0) 
 
countSubType <- countSubType[order(-countSubType$Count),] 
Top10 <- countSubType[1:10,] 
 
write.csv(Top10, file="Top10.csv", row.names = FALSE) 
 
Top10Data <- merge(DataAllSub, Top10, by.x = c("SubAAX", "CodonX"), by.y= c("NewAA", 
"CodonAffected")) 
 
write.csv(Top10Data, file = "Top10Data.csv", row.names = FALSE) 
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Perl: “extractmatchinfo” 
 
#!/usr/bin/perl -w 
 
use strict; 
use Data::Dumper; 
 
#get header and info 
sub getSequences ($) { 
 
 my $file = $_[0]; 
 open (INFILE, "<$file") || die "Error1 in opening in file: $file. $!\n"; 
 
  my @lines = <INFILE>; 
  my $header; my %header2info = (); 
 
  foreach my $line (@lines) { 
   chomp $line; 
   if ($line =~ /^\[1\]\s\"(.+)\"$/o) {  
    $header = $1;  
    #print $header, "\n"; 
   } 
   else {$header2info {$header} .= $line;} 
  } 
 close (INFILE); 
 #print Dumper (\%header2seq); 
 return (\%header2info); 
  
} 
 
 sub WriteFasta ($$) { 
 my $ref_header2info = $_[0] ; my $file = $_[1]; my $len_prot; my $start1; my $end1; my 
$len_pep; my $seq_pep; my $start2; my $end2; my $seqfinal; my $flag; 
 
  open (OUTFILE, ">output_match.info") || die ("Error3 in opening out file: output_match.info. 
$!\n"); 
  print OUTFILE 
"ID\tLENGTH_PROT\tSTART_PEP1\tEND_PEP1\tSTART_PEP2\tEND_PEP2\tLENGTH_PE
P\tSEQ_PEP\n"; 
   
  foreach my $key (keys %$ref_header2info) { 
  $key =~ m/^>(.+)$/o; 
   my $header_sub = $1; 
  my $info = $ref_header2info -> {$key}; 
  #print $info,"\n"; 
  foreach ($info =~ /(.+)/) { 
   #print $info, ":ending\n"; 
   if ($info =~ /(\d+)\-.+(\[1\]\s+\d+)\s+(\d+)\s+(\d+)\s+\[(\w+)\]$/g) { 
    $len_prot=$1; 
    $start1=$2; 
    $end1= $3; 
    $len_pep=$4; 
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    $seq_pep=$5; 
    $flag="FALSE"; 
   } 
   elsif ($info =~ /(\d+)\-
.+(\[1\]\s+\d+)\s+(\d+)\s+(\d+)\s+\[(\w+)\](\[2\]\s+\d+)\s+(\d+)\s+\d+\s+\[\w+\]$/g) { 
    $len_prot=$1; 
    $start1=$2; 
    $end1= $3; 
    $len_pep=$4; 
    $seq_pep=$5; 
    $start2=$6; 
    $end2=$7; 
    $flag="TRUE"; 
     
   } 
   $start1=~ s/\s+//; 
   $start2=~ s/\s+//; 
   $seqfinal= uc $seq_pep; 
  } 
  if ($flag eq "FALSE") {print OUTFILE 
"$key\t$len_prot\t$start1\t$end1\t","NA","\t","NA","\t$len_pep\t$seqfinal\n";} 
  else { 
   print OUTFILE 
"$key\t$len_prot\t$start1\t$end1\t$start2\t$end2\t$len_pep\t$seqfinal\n"; 
  } 
  $len_prot=""; 
  $start1=""; 
  $end1= ""; 
  $len_pep=""; 
  $seq_pep=""; 
  $start2=""; 
  $end2=""; 
  $flag=""; 
  } 
 close (OUTFILE); 
 return "42"; 
 } 
 
my $fasta_infos = $ARGV[0];  
my $ref_header2info = getSequences ($fasta_infos); 
WriteFasta ($ref_header2info, $fasta_infos); 
 
exit; 
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Perl: “enumerateheaders” 
 
#!/usr/bin/perl 
 
# This script enumerate each sequence from fasta file at end of header! 
#Just change the name of input and output file here in script and run script : perl 
enumerateheaders.pl  
 
use strict; 
use warnings; 
 
my @data; 
my $match = 1; 
 
open( FH, "<originalprotein.fasta") or die "Cannot open source"; 
@data=<FH>; 
close(FH); 
 
open( FH, ">originalprotein.fasta") or die "Cannot open dest"; 
foreach ( @data ) { 
 if ( s/(>.+)/$1_$match/ ) { $match++; } 
 print FH; 
} 
 
close(FH); 
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Java: “ids_mapped” 
 
package ids_mapped; 
import java.util.*; 
import java.io.*; 
 
 
public class ids_mapped { 
 static Scanner sc = new Scanner(System.in); 
 public static void main (String[] args) throws IOException { 
  int cont = 0; 
  File f1 = new File("proteinsA.txt"); 
  Scanner scFile = new Scanner(f1); 
  while(scFile.hasNext()){ 
   scFile.nextLine(); 
   cont++; 
  } 
  scFile.close(); 
  scFile = new Scanner(f1); 
  String[] proteins = new String[cont]; 
  cont = 0; 
  while(scFile.hasNext()){ 
   proteins[cont] = scFile.nextLine(); 
   cont++; 
  } 
  System.out.println(cont); 
  scFile.close(); 
   
  cont = 0; 
  File f2 = new File("refseqA.txt"); 
  Scanner scFile2 = new Scanner(f2); 
  while(scFile2.hasNext()){ 
   scFile2.nextLine(); 
   cont++; 
  } 
  scFile2.close(); 
  scFile2 = new Scanner(f2); 
  String[] refSeq = new String[cont]; 
  cont = 0; 
  while(scFile2.hasNext()){ 
   refSeq[cont] = scFile2.nextLine(); 
   cont++; 
  } 
  System.out.println(cont); 
  scFile2.close(); 
   
  cont = 0; 
  File f3 = new File("proteins_short.txt"); 
  Scanner scFile3 = new Scanner(f3); 
  while(scFile3.hasNext()){ 
   scFile3.nextLine(); 
   cont++; 
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  } 
  scFile3.close(); 
  scFile3 = new Scanner(f3); 
  String[] proteinsShort = new String[cont]; 
  cont = 0; 
  while(scFile3.hasNext()){ 
   proteinsShort[cont] = scFile3.nextLine(); 
   cont++; 
  } 
  System.out.println(cont); 
  scFile3.close(); 
   
     
  String[] ids_mapped = new String[proteins.length]; 
   
  for (int i = 0; i < proteins.length; i++) { 
   for(int j = 0; j < proteinsShort.length; j++) { 
    if(proteins[i].equals(proteinsShort[j])) ids_mapped[i] = refSeq[j]; 
   } 
  } 
   
  gravarFicheiro(ids_mapped, ids_mapped.length); 
   
 } 
 //função para gravar a sequencia atual num ficheiro 
 static void gravarFicheiro(String[] a, int n) throws IOException{ 
  File f2 = new File("out2.txt"); 
  PrintWriter pw = new PrintWriter(f2); 
  for(int i = 0; i < n; i++){ 
   pw.println(a[i]); 
  } 
  pw.close(); 
 } 
} 
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Table XVIII- Total Protein-protein interations found in IP of CBK1 and the respective GO Term description 

 
Entrez 
ID 

Gene Name GO TERM 

3640410 C terminus of glucan synthase (CaO19.3270) (1-3)-β-D-glucan biosynthetic process, 
3636794 β-1,3-glucan synthase (GSC1) (1-3)-β-D-glucan biosynthetic process, 
3639844 Glucan synthase (GSL1) (1-3)-β-D-glucan biosynthetic process, 
3643603 Acetyl-CoA hydrolase/transferase (ACH1) acetyl-CoA metabolic process, 
3647093 Actin assembly factor (LAS17) actin cortical patch assembly, endocytosis, actin 

filament polymerization, positive regulation of actin 
filament bundle assembly, actin cortical patch 
internalization, actin nucleation, establishment or 
maintenance of cell polarity  

3642293 Proline-rich protein verprolin; potential actin-
interacting WH2 motif (VRP1) 

actin cytoskeleton organization, 

3635222 C terminal fragment of fatty acid synthase. 
Multifunctional enzyme that catalyzes synthesis 
of long-chain saturated fatty acids (CaO19.5949) 

acyl-carrier protein, 

3638013 adenylate kinase  mitochondrial ADK2 (ADK2) ADP biosynthetic process, AMP metabolic 
process, GTP metabolic process, ITP metabolic process, 

3645444 potential mitochondrial NADH-Ubiquinone 
Oxidoreductase Complex I (CaO19.4495) 

aerobic respiration, cellular response to 
starvation, filamentous growth, cellular response to 
glucose starvation, single-species biofilm formation on 
inanimate substrate, 

3643024 similar to S. cerevisiae YKL215C(CaO19.5804) Amino acid transport and metabolism / Secondary 
metabolites biosynthesis, transport, and catabolism, 

3636265 ATP phosphoribosyltransferase; involved in the 
first step of histidine biosynthesis; (HIS1) 

Amino acid transport and metabolism, 

3642295 NAD-glutamate dehydrogenase (GDH2) Amino acid transport and metabolism, 
3637955 carboxypeptidase B-like processing protease 

(KEX1) 
Amino acid transport and metabolism, 

3642238 catabolic serine/threonine dehydratase (CHA1) Amino acid transport and metabolism, 
3646028 long chain fatty acid alcohol oxidase; lipid 

omega-oxidation (FAO1) 
Amino acid transport and metabolism, 

3636282 likely metallopeptidase; (CaO19.11397) Amino acid transport and metabolism, 
3636456 likely metallopeptidase; (CaO19.3915) Amino acid transport and metabolism, 
3647533 mitochondrial acetylglutamate synthase (ARG2) Amino acid transport and metabolism, 
3635680 pentafunctional aromatic amino acid family 

biosynthesis protein (ARO1) 
Amino acid transport and metabolism, 

3636995 ArgJ family member acetylornithine 
acetyltransferase; fifth and sixth steps in arginine 
biosynthesis (ECM40) 

arginine biosynthetic process, 

3634830 N-acetyl-gamma-glutamyl-phosphate reductase 
and acetylglutamate kinase; catalyzes 2nd and 3rd 
steps of arginine biosynthesis; EC=1.2.1.38, 
EC=2.7.2.8(ARG5,6) 

arginine biosynthetic process, 

3645027 Ornithine aminotransferase (CAR2) arginine catabolic process to proline via 
ornithine, arginine catabolic process to glutamate, 

3645303 chorismate mutase (ARO7) aromatic amino acid family biosynthetic 
process, chorismate metabolic process, 

3644994 Rieske 2Fe-2S domain (CaO19.5655) aromatic compound catabolic process, 
3643338 mitogen-activated protein kinase which is 

required for spore morphogenesis (CSK1) 
ascospore wall assembly, negative regulation of 
sporulation resulting in formation of a cellular spore, 

3646227 asparaginyl-tRNA synthetase (DED81) asparaginyl-tRNA aminoacylation, 
3640531 adenosine triphosphatase (PMA1) ATP biosynthetic process, regulation of intracellular 

pH, hydrogen ion transmembrane transport, 
3646070 vacuolar H(+)-ATPase (V-ATPase) V0 domain 

subunit a(VPH1) 
ATP hydrolysis coupled proton transport, 

3646134 C terminus of mitochondrial F1F0 H+ATPase; 
two introns and exons upstream (ATP1) 

ATP synthesis coupled proton transport, ATP 
hydrolysis coupled proton transport, 
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3645039 beta subunit of mitochondrial F1F0-ATPase 
(ATP2) 

ATP synthesis coupled proton transport, ATP 
hydrolysis coupled proton transport, 

3635447 N terminus has weak (CaO19.12145) attachment of spindle microtubules to 
kinetochore, mitotic spindle organization in nucleus, 

3645350 potential phosphoinositide-binding binding 
protein endosome sorting nexin also involved in 
autophagy (ATG20) 

autophagy, protein transport, 

3644072 Atg9-associated protein required for protein 
vacuolar targeting, autophagy and pexophagy, 
component of Atg1-Atg13 signaling 
complex(ATG2) 

autophagy, protein transport, 

3636859 autophagy-related WD40 domain proteins 
(ATG21) 

autophagy, protein transport, 

3638033 cell cycle regulated protein (BUD3) axial cellular bud site selection, regulation of Rho 
protein signal transduction, 

3643897 DNA-3-methyladenine glycosylase (MAG1) base-excision repair, 
3645756 histidinol-phosphate aminotransferase (HIS5) biosynthetic process, 
3644150 potential aspartate aminotransferase (AAT21) biosynthetic process, 
3648307 similar to para-aminobenzoate (PABA) synthase; 

sulfonamide resistance (ABZ1) 
biosynthetic process, 

3640106 biotin synthetase (BIO2) biotin biosynthetic process, 
3639950 likely ion transport protein calcium 

channel(CCH1) 
calcium ion transport, hyphal growth, regulation of 
protein phosphatase type 2B activity, cellular response 
to mechanical stimulus, 

3641088 C. albicans pH regulated GPI-anchored 
membrane protein PHR1;  

carbohydrate metabolic process, 

3641510 cell wall beta-glucan synthases (CaO19.8557) carbohydrate metabolic process, 
3639703 potential glucosidase (BGL97) carbohydrate metabolic process, 
3638528 similar to phosphomannomutase (CaO19.6739) carbohydrate metabolic process, 
3644575 GPI anchored surface protein;(CaO19.3693) carbohydrate metabolic process, cell wall organization, 
3644517 glycerol-3-phosphate dehydrogenase (GPD2) carbohydrate metabolic process, glycerol-3-phosphate 

catabolic process, 
3638356 potential transporter plasma membrane 

polyamine efflux transporter (CaO19.341) 
Carbohydrate transport and metabolism / Amino acid 
transport and metabolism / Inorganic ion transport and 
metabolism / General function prediction only, 

3642725 pyruvate decarboxylase (CaO19.10395) Carbohydrate transport and metabolism / Coenzyme 
metabolism / General function prediction only, 

3640058 UDP-glucose:sterol glucosyltransferase (EC 2. 
4.1.173) (UGT51) 

Carbohydrate transport and metabolism / Signal 
transduction mechanisms, 

3639665 neutral trehalase involved in stress response; gene 
mapped to chromosome 1 of strain 3153A(NTC1) 

Carbohydrate transport and metabolism, 

3643818 p-nitrophenyl phosphatase (PHO132) Carbohydrate transport and metabolism, 
3637794 HAD superfamily predicted sugar phosphatases 

(COG0647); (CaO19.4246) 
Carbohydrate transport and metabolism, 

3641502  ER alpha-glucosidase involved in cell wall 
biosynthesis (ROT2) 

Carbohydrate transport and metabolism, 

3642559 similar to bacterial beta-mannosidase 
precursor(CaO19.2838) 

Carbohydrate transport and metabolism, 

3647310 Mitochondrial aldehyde dehydrogenase (ALD4) carnitine biosynthetic process, 
3642234 agglutinin-like protein; (ALS7) cell adhesion, pathogenesis, 
3640707 evolutionarily conserved MTO/gidA protein 

which is involved in the hypermodification of the 
wobble position of some tRNAs; mitochondrial 
protein (MTO1) 

Cell cycle control, cell division, chromosome 
partitioning, 

3637595 Integrin-like protein; potential pleckstrin 
homology domain; (INT1) 

cell cycle, cell adhesion, cell division, 

3648093 kinase required for late nuclear division (DBF2) cell cycle, cell division, 
3644596 septin-like orf/cytokinesis (SHS1) cell cycle, hyphal growth, cell division, 
3638930 BTB domain and Ankaryin repeat containing 

protein.(CaO19.7574) 
Cell division and chromosome partitioning / 
Cytoskeleton, 

3637052 cytokinesis and cell polarity; assembly and Cell division and chromosome partitioning / Signal 
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contraction of the actomyosin ring; potential 
calponin and RAS GAP domains (IQG1) 

transduction mechanisms, 

3647248 class II myosin heavy chain (MYO1) Cell division and chromosome partitioning, 
3642548 cytoskeletal structural protein (CaO19.10345) Cell division and chromosome partitioning, 
3635540 implicated in secretion and nuclear segregation 

(BFR1) 
Cell division and chromosome partitioning, 

3635688 myosin-like protein (CaO19.4683) Cell division and chromosome partitioning, 
3648085 nuclear migration protein (CaO19.4715) Cell division and chromosome partitioning, 
3637039 nuclear DNA repair complex ATPase (RHC18) Cell division and chromosome partitioning, 
3643305 cohesin complex subunit(IRR1) Cell division and chromosome partitioning, 
3648280 general vesicular transport factor/vesicle docking 

protein (USO1) 
Cell division and chromosome partitioning, 

3647412 evolutionarily conserved protein related to 
bacterial plasmid partitioning ATPases (NBP35) 

Cell division and chromosome partitioning, 

3637928 weak similarity to S. cerevisiae SLK19 
(YOR195W) (SLK19) 

Cell division and chromosome partitioning, 

3642731 C-3 sterol dehydrogenase/C-4 decarboxylase 
(ERG26) 

Cell envelope biogenesis, outer membrane / 
Carbohydrate transport and metabolism, 

3638046 similar to S. cerevisiae YLR290C(CaO19.7092) Cell envelope biogenesis, outer membrane / 
Carbohydrate transport and metabolism, 

3644583 UDP glucose-4-epimerase involved in galactose 
metabolism (GAL10) 

Cell envelope biogenesis, outer membrane, 

3644089 mannosylation of inositolphosphorylceramide 
(SUR1) 

Cell envelope biogenesis, outer membrane, 

3647825 similar to endoplasmic reticulum 
mannosyltransferase (ALG2) 

Cell envelope biogenesis, outer membrane, 

3634838 nuclear protein kinase involved in morphogenesis 
during mating (CBK1) 

cell morphogenesis, cell separation after 
cytokinesis, cellular response to starvation, filamentous 
growth, fungal-type cell wall organization, membrane 
raft organization, cellular response to heat, 

3639902 similar to N terminus of S. pombe 
SPAC17H9.14c putative protein disulfide 
isomerase (CaO19.2516) 

cell redox homeostasis, 

3639672 cytoskeletal regulatory protein binding (BNI1) cell separation after cytokinesis, cell 
cycle, establishment or maintenance of cell 
polarity, actin cytoskeleton organization, 

3643675 chromatin-binding protein involved in (1,3)-β-
glucan synthesis (SMI1) 

cell wall biogenesis, 

3646427 aryl alcohol dehydrogenase (CaO19.4477) cell-matrix adhesion, pathogenesis, single-species 
biofilm formation on inanimate substrate, 

3639287 similar to aldehyde dehydrogenases 
(CaO19.6066) 

cellular aldehyde metabolic process, 

3641490 GTPase-activating protein (GAP) for 
Rsr1p/Bud1p(BUD2) 

cellular bud site selection, actin filament 
organization, cell adhesion, small GTPase mediated 
signal transduction, pathogenesis, 
thigmotropism, maintenance of cell polarity, hyphal 
growth, actin cortical patch localization, cellular 
response to electrical stimulus, 

3636101 involved in cytoskeletal control (CaO19.12393) cellular bud site selection, cell separation after 
cytokinesis, establishment or maintenance of cell 
polarity, cellular response to starvation, 
pathogenesis, maintenance of cell polarity, actin 
cytoskeleton organization, filamentous growth, hyphal 
growth, Golgi localization, 

3636627 possible calcium transporter (PMC1) cellular calcium ion homeostasis, cellular response to 
drug, 

3639263 phosphatidylinositol kinase involved in telomere 
length regulation; ATM-like gene (TEL1) 

cellular response to DNA damage stimulus, covalent 
chromatin modification, 

3642998 Translation elongation factor EF-2; 5' exon 
upstream of intron (EFT2) 

cellular response to drug, 

3639365 component of Hsp90 chaperone complex (CNS1) cellular response to drug, 
3636910 interacts with SNF1 protein kinase (SIP3) cellular response to drug, 
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3635266 U3 snoRNP/small subunit rRNA processome 
component(NOP14) 

cellular response to drug, 

3644389 vacuolar aminopeptidase (CaO19.9871) cellular response to drug, 
3640711 ABC transporter whose deletion does not affect 

fluconazole resistance;(CDR4) 
cellular response to drug, drug export, 

3645580 osmoregulating MAPK kinase (MKK2) cellular response to drug, regulation of fungal-type cell 
wall organization, 

3645238 mitochondrial chaperonin, heat shock protein 
60(HSP60) 

cellular response to heat, protein refolding, 

3642016 brix domain nucleolar protein involved in 60S 
ribosomal subunit biogenesis (BRX1) 

cellular response to starvation, filamentous growth 

3643320 NAD-dependent histone deacetylase complex 
component (SET3) 

cellular response to 
starvation, pathogenesis, filamentous 
growth, phenotypic switching, filamentous growth of a 
population of unicellular organisms in response to 
starvation,  

3641504 Putative coiled-coil protein (CaO19.8591) cellular response to starvation, protein 
ubiquitination, covalent chromatin 
modification, filamentous growth,  

3634878 serine-threonine kinase; signal transduction; 
Virulence and hyphal formation of Candida 
albicans require the Ste20p-like protein kinase 
CaCla4p(CLA4) 

chlamydospore formation, establishment or 
maintenance of cell polarity, cellular response to 
starvation, pathogenesis, filamentous growth, cellular 
response to drug,  

3642235 ATPase; chromatin remodeling complex (ISW2) chlamydospore formation, filamentous growth, cellular 
response to drug, ATP-dependent chromatin 
remodeling, cellular response to copper ion, 

3640755 delta-9-fatty acid desaturase (OLE1) chlamydospore formation, unsaturated fatty acid 
biosynthetic process, cellular response to 
starvation, filamentous growth, cellular response to 
neutral pH, 

3648297 chromatin remodeling Snf/Swi complex subunit; 
C terminal fragment of CaP19.5871(SNF5) 

chromatin remodeling, 

3639163 similar to S. cerevisiae YGL133W(CaO19.5510) chromatin remodeling, chromatin silencing at 
telomere, negative regulation of transcription from 
RNA polymerase II promoter by pheromones, 

3638413 hypothetical protein (CaO19.267) chromatin silencing at rDNA, nucleolus 
organization, negative regulation of septation initiation 
signaling, 

3643109 nicotinate phosphoribosyl transferase which is 
involved in NAD(+) salvage and has effects on 
telomeric silencing(NPT1) 

chromatin silencing at rDNA, replicative cell 
aging, chromatin silencing at telomere, NAD 
biosynthetic process, nicotinate nucleotide 
salvage, cell-abiotic substrate adhesion, 

3645196 nuclear condensin complex subunit (YCS4) Chromatin structure and dynamics / Cell division and 
chromosome partitioning, 

3636639 Condensin G, mitotic chromosome condensation 
factor(YCG1) 

Chromatin structure and dynamics / Cell division and 
chromosome partitioning, General function prediction 
only, 

3642580 SIN3 histone deacetylase complex 
component(RPD32) 

Chromatin structure and dynamics / Secondary 
metabolites biosynthesis, transport, and catabolism, 

3645438 General RNA polymerase II transcription 
factor(SWI3) 

Chromatin structure and dynamics / Transcription, 

3646612 histone acetyltransferase (GCN5) Chromatin structure and dynamics / Transcription, 
3643504 subunit of SWI/SNF transcription activation 

complex(SNF12) 
Chromatin structure and dynamics, 

3638928 component of the histone acetyltransferase SAGA 
complex(SPT7) 

conjugation with cellular fusion, protein complex 
assembly, histone acetylation, cellular response to drug, 

3635236 cytoplasmic dynein heavy chain (DYN1) Cytoskeleton, 
3634869 Adenylosuccinate synthetase (ADE12) 'de novo' AMP biosynthetic process, 
3647292 5'-phosphoribosylformyl glycinamidine 

synthetase (ADE6) 
'de novo' IMP biosynthetic process, 

3644863 Adenylosuccinate lyase (ADE13) 'de novo' IMP biosynthetic process, 'de novo' AMP 
biosynthetic process, 
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3641769 Amidophosphoribosyl transferase; purine 
biosynthesis (ADE4) 

'de novo' IMP biosynthetic process, purine nucleobase 
biosynthetic process, nucleoside metabolic process, 

3646477 ATP-binding cassette protein, ATPase component 
of CCR4-NOT transcription factor 
complex(CAF16) 

Defense mechanisms, 

3643964 C terminal fragment of potential ABC transporter, 
plasma membrane multispecific organic anion 
transporter(CaO19.1784) 

Defense mechanisms, 

3642288 ABC transporter involved in peptide pheromone 
export(HST6) 

Defense mechanisms, 

3638673 potential Multi Antimicrobial Extrusion (MATE) 
family drug/sodium antiporter; (MTE2) 

Defense mechanisms, 

3637836 polyprotein - integrase, reverse transcriptase of 
TCA4 (CaO19.2669) 

DNA integration, 

3648286 polyprotein of Tca2 retrotransposon (POL98) DNA integration, 
3642344 polyprotein of gypsy-like retrotransposon Tca3; 

truncated at the N terminus (POL94) 
DNA integration, 

3639299 polyprotein of retrotransposon Tca8;(POL93) DNA integration, 
3647757 DNA ligase (CDC9) DNA recombination, DNA ligation involved in DNA 

repair, DNA biosynthetic process, Okazaki fragment 
processing involved in mitotic DNA replication, 

3646519 Deoxycytidyl transferase (REV1) DNA repair, 
3646713 similar to S. cerevisiae YBR272C (CaO19.1331) DNA repair, 
3638827 ATPase/DNA helicase (SNF2 family helicase 

domain)(RAD5) 
DNA repair, 

3637859 nucleotide excision repair, checkpoint protein 
(RAD24) 

DNA repair, cell cycle, 

3639681 hypothetical protein (CaO19.7494) DNA repair, cellular response to DNA damage 
stimulus, replication fork processing, 

3644728 histone acetyltransferase (HAT1) DNA repair, chromatin silencing at telomere, cellular 
response to DNA damage stimulus, histone 
acetylation, cellular response to reactive oxygen 
species, phenotypic switching, negative regulation of 
pseudohyphal growth, 

3647733 phosphatidylinositol kinase involved in DNA 
repair and recombination (MEC1) 

DNA repair, covalent chromatin modification, meiotic 
cell cycle, 

3638408 N terminal fragment of SMC3-like 
CaP19.7895(SMC3) 

DNA repair, mitotic sister chromatid cohesion, 

3646993 Topoisomerase I interacting factor 1 (TOF1) DNA repair, negative regulation of DNA 
replication, meiotic cell cycle, 

3640915 Actin-related protein involved in protein vacuolar 
targeting(ARP5) 

DNA repair, regulation of transcription, DNA-
templated, 

3644539 Mediator of Replication Checkpoint MRC1 
involved in chromatin silencing at telomeres 
(CaO19.658) 

DNA replication checkpoint, 

3640142 DNA replication (MCM6) DNA replication initiation, 
3647606 DNA synthesis initiation (CDC54) DNA replication initiation, 
3645223 initiation of replication (MCM3) DNA replication initiation, 
3635144 likely DNA polymerase I alpha subunit p180; 

(POL1) 
DNA replication initiation, 

3646888 part of ARS replication initiation complex 
(CDC46) 

DNA replication initiation, 

3641653 Mitochondrial DNA polymerase (MIP1) DNA replication, 
3636222 likely 5'-3' exoribonuclease, (KEM1) DNA replication, recombination, and repair / Cell 

division and chromosome partitioning / Translation, 
3637911 Probable RNA helicase (HCA4) DNA replication, recombination, and repair / 

Transcription / Translation, ribosomal structure and 
biogenesis, 

3644472 chromosome structure (ISW1) DNA replication, recombination, and repair / 
Transcription / Translation, ribosomal structure and 
biogenesis, 

3646717 DEAD-box helicase required for mRNA DNA replication, recombination, and repair, 
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transport, rRNA processing(MTR4) 
3641258 DNA helicase (SGS1) DNA replication, recombination, and repair, 
3642143 antiviral protein, blocks translation of non-poly 

(A) mRNAs (SKI2) 
DNA replication, recombination, and repair, 

3645595 mismatch repair protein (MLH1) DNA replication, recombination, and repair, 
3636161 repair of insertion-deletion mispairs (MSH6) DNA replication, recombination, and repair, 
3643882 DNA polymerase III gamma and tau subunits 

(CaO19.3601) 
DNA replication, recombination, and repair, 

3635169 similar to S. cerevisiae HPR5 (YJL092W) DNA 
helicase involved in double strand break 
repair(HPR5) 

DNA replication, recombination, and repair, 

3646389 weak similarity to S. cerevisiae YEN1 single-
stranded DNA specific endodeoxyribonuclease 
(CaO19.652) 

DNA replication, recombination, and repair, 

3647591 one of two likely ribonucleotide reductase large 
subunit genes similar to S. cerevisiae RNR1 
(YER070W) and RNR3 (YIL066C)(RNR3) 

DNA replication, deoxyribonucleotide biosynthetic 
process, 

3645733 DNA polymerase II large subunit(POL2) DNA replication, DNA repair, 
3645582 DNA replication protein RFC large 

subunit(RFC1) 
DNA replication, DNA repair, 

3640954 Transcription initiation factor TFIID subunit 
A(TAF12) 

DNA-templated transcription, initiation, 

3637994 hypothetical protein (CaO19.7060) double-strand break repair, 
3637386 vesicular transport(PAN1) endocytosis, 
3647559 potential pleckstrin homology domain, which 

interact with Avo2p of the Tor2p kinase 
complex(CaO19.3505) 

endosomal transport, actin cytoskeleton 
organization, TORC2 signaling, 

3636836 potential D-isomer specific 2-hydroxyacid 
dehydrogenase; hydroxyisocaproate 
dehydrogenase (CaO19.2989) 

Energy production and conversion / Coenzyme 
metabolism / General function prediction only, 

3635738 potential D-isomer specific 2-hydroxyacid 
dehydrogenase; (CaO19.1473) 

Energy production and conversion / Coenzyme 
metabolism / General function prediction only, 

3648174 rRNA methyltransferase (SPB1) enzyme-directed rRNA 2'-O-methylation, maturation of 
LSU-rRNA from tricistronic rRNA transcript (SSU-
rRNA, 5.8S rRNA, LSU-rRNA),maturation of 5.8S 
rRNA from tricistronic rRNA transcript (SSU-rRNA, 
5.8S rRNA, LSU-rRNA), rRNA methylation, 

3638949 similar to S. cerevisiae YDR411C(CaO19.7672) ER-associated ubiquitin-dependent protein catabolic 
process, endoplasmic reticulum unfolded protein 
response, 

3648275 Acetoacetyl-CoA Thiolase A; mevalonate/sterol 
pathway (ERG10) 

ergosterol biosynthetic process, 

3641749 DNA polymerase zeta subunit involved in DNA 
repair(REV3) 

error-prone translesion synthesis, error-free translesion 
synthesis, 

3645267 TOR2 kinase complex component(TSC11) establishment of cell polarity, establishment or 
maintenance of actin cytoskeleton polarity, actin 
cytoskeleton reorganization, TOR signaling, regulation 
of actin cytoskeleton organization,  

3641716 kinesin microtubule motor complex protein 
(KIP3) 

establishment of mitotic spindle orientation, mitotic 
spindle organization, metabolic process, mitotic spindle 
organization in nucleus, nuclear migration along 
microtubule, negative regulation of microtubule 
polymerization,  

3642961 100 kDa component of the exocyst 
complex(SEC10) 

exocytosis, cilium assembly, vesicle docking, 

3639825 potential second version of mitochondrial acyl 
carrier protein(ACP12) 

fatty acid biosynthetic process, 

3644746 sterol C5, 6 desaturase in volved in ergosterol 
biosynthesis (ERG3) 

fatty acid biosynthetic process, ergosterol biosynthetic 
process, pathogenesis, electron transport 
chain, filamentous growth, cellular response to drug, 

3637667 likely Phospholipase/Carboxylesterase similar to 
S. cerevisiae YLR118C(CaO19.11723) 

fatty acid metabolic process, 
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3641480 required for nutrient uptake at low tempterature 
(CSF1) 

fermentation, 

3640584 Plasma membrane Sodium Response 1(PSR1) filamentous growth, 
3645998 dihydrolipoamide dehydrogenase component of 3 

multi-enzyme complexes of the mitochondrial 
matrix (PDH, OGDH and GCV); FAD 
flavoprotein (LPD1) 

filamentous growth, cell redox homeostasis, 

3635175 nuclear pore complex subunit(NUP85) filamentous growth, single-species biofilm formation on 
inanimate substrate, cellular response to pH, 

3643130 translation initiation factor eIF2 beta 
subunit(SUI3) 

formation of translation preinitiation complex, 

3646756 translation initiation factor eIF3(RPG1) formation of translation preinitiation 
complex, regulation of translational initiation, cellular 
response to drug, 

3635618 subunit of translation initiation complex 
eIF3(NIP1) 

formation of translation preinitiation 
complex, translational initiation, regulation of 
translational initiation, 

3636239 phosphofructokinase alpha subunit (PFK1) fructose 6-phosphate metabolic process, glycolytic 
process, 

3637056 phosphofructokinase beta-subunit (PFK2) fructose 6-phosphate metabolic process, glycolytic 
process, 

3634912 6-phosphofructose-2-kinase (CaO19.4753) fructose metabolic process, fructose 2,6-bisphosphate 
metabolic process, 

3635263 potential calmodulin-dependent protein kinase 
(CMK1) 

fungal-type cell wall organization, cellular response to 
oxidative stress, 

3643149 cytoskeletal structural protein (SLA2) G2/M transition of mitotic cell cycle, endocytosis, actin 
filament organization, filamentous growth, hyphal 
growth, cortical actin cytoskeleton 
organization, cellular protein localization, actin cortical 
patch localization, fungal-type cell wall organization or 
biogenesis, 

3644265 C terminal fragment of CaP19.4433/CPH1/ACPR 
STE12-like transcription factor(CaO19.11912) 

galactose metabolic process, transcription, DNA-
templated, regulation of transcription, pseudohyphal 
growth, pathogenesis, evasion or tolerance of host 
immune response, fungal-type cell wall 
organization, regulation of filamentous growth, 
parasexual conjugation 

3636584 potential glucosidase (BGL98) glucan catabolic process, cellulose catabolic process, 
3641935 potential glucosidase  (BGL99) glucan catabolic process, cellulose catabolic process, 
3639701 phosphoenolpyruvate carboxykinase (PCK1) gluconeogenesis, 
3638540 glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH), (TDH1) 
glucose metabolic process, glycolytic process, cell-
matrix adhesion, adhesion of symbiont to 
host, induction by symbiont of host defense 
response, interaction with host, 

3634873 potential cyclopropane-fatty-acyl-phospholipid 
synthase similar to plant cyclopropane synthase 
(AAM33848)(CFA1) 

Glucosylceramide biosynthetic 
process, pathogenesis, filamentous growth, 

3639519 likely glutamate synthase similar to S. cerevisiae 
GLT1 (YDL171C)(GLT1) 

glutamate biosynthetic process, 

3636247 delta-1-pyrroline-5-carboxylate dehydrogenase 
(PUT2) 

glutamate biosynthetic process, proline biosynthetic 
process, 

3636382 CTP synthase (URA7) glutamine metabolic process, 'de novo' CTP 
biosynthetic process, 

3638029 similar to S. cerevisiae YGL245W(CaO19.7057) glutamyl-tRNA aminoacylation, 
3647012 glutathione oxidoreductase;(GLR1) glutathione metabolic process, pathogenesis, cellular 

response to oxidative stress, cell redox homeostasis, 
3646505 P-subunit of glycine cleavage system (GCV2) glycine catabolic process, 
3646379 NAD-formate dehydrogenase (FDH99) glycine catabolic process, formate catabolic process, 
3640435 UDP-glucose-starch glucosyltransferase (GSY1) glycogen biosynthetic process, 
3637956 glycogen phosphorylase (GPH1) glycogen catabolic process, 
3648327 peroxisomal trifunctional hydratase-

dehydrogenase-epimerase important in fatty acid 
glyoxylate cycle, fatty acid beta-oxidation, fatty acid 
catabolic process, pathogenesis, 
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beta-oxidation; (FOX2) 
3638034 isopropyl malate dehydrogenase (LEU2) glyoxylate cycle, leucine biosynthetic 

process, pathogenesis, 
3646555 C terminal fragment of Inosine-5'-monophosphate 

dehydrogenase; guanosine nucleotide 
biosynthesis; (CaO19.18) 

GMP biosynthetic process, cellular response to 
starvation, filamentous growth, cellular response to 
drug,  induction by symbiont of host defense response, 

3634763 GMP synthase (GUA1) GMP biosynthetic process, glutamine metabolic 
process, GMP metabolic process, 

3641987 morphogenesis checkpoint dependent (MCD4) GPI anchor biosynthetic process, cell wall organization, 
3639792 regulation of actin cytoskeletal organization 

(CaO19.9983) 
growth of unicellular organism as a thread of attached 
cells, positive regulation of growth of unicellular 
organism as a thread of attached cells, 

3641644 histone acetyltransferase complex component; 
(TRA1) 

histone acetylation, 

3645649 class II histone deacetylase HDA1 complex 
subunit (HDA2) 

histone deacetylation, 

3637334 regulator of phospholipid metabolism gene 
expression (DEP1) 

histone deacetylation, 

3643323 potential IBR-type zinc finger protein 
(CaO19.7224) 

histone ubiquitination, histone catabolic process, 

3641746 assembly of mitochondrial respiratory complexes 
(MBA1) 

inner mitochondrial membrane organization, protein 
insertion into mitochondrial membrane from inner 
side, positive regulation of mitochondrial translation, 
biogenesis,  

3640386 one of three potential sulfate transporter genes; 
(CaO19.3222) 

Inorganic ion transport and metabolism, 

3636042 potential ABC transporter (CaO19.12496) Inorganic ion transport and metabolism, 
3634789 vacuolar alkaline phosphatase (CaO19.4736) Inorganic ion transport and metabolism, 
3639938 similar to S. cerevisiae YOR155C(CaO19.10863) inosine salvage, nucleotide metabolic process, 
3639326 ubiquitin binding protein involved in endosomal 

sorting.(VPS27) 
intracellular protein transport, pathogenesis, 

3635526 clathrin light chain (CLC1) intracellular protein transport, vesicle-mediated 
transport, 

3647552 presumed vesical coat protein (clathrin heavy 
chain)(CHC1) 

intracellular protein transport, vesicle-mediated 
transport, 

3642565 large subunit of the clathrin-associated protein 
AP-2 complex(APL4) 

intracellular protein transport, vesicle-mediated 
transport, 

3638352 similar to v-SNARE/docking protein (VTI1) intracellular protein transport, vesicle-mediated 
transport, 

3636813 maintenance of circular minichromosome (IML1) intracellular signal transduction, 
3645269 small GTPase activating protein RhoGAP; 

(RGD2) 
intracellular signal transduction, 

3646528 Vacuolar sorting(VPS13) Intracellular trafficking and secretion, 
3640565 fusion of post-Golgi vesicles with plasma 

membrane (SEC6) 
Intracellular trafficking and secretion, 

3640716 karyopherin (PSE1) Intracellular trafficking and secretion, 
3639900 nuclear pore protein (NUP170) Intracellular trafficking and secretion, 
3644565 potential ADP ribosylation factor GTPase 

activating protein (GCS1) 
Intracellular trafficking and secretion, 

3638343 large subunit of the clathrin-associated protein 
AP-1 complex(APL2) 

Intracellular trafficking and secretion, 

3634847 dsRNA virus protection family member  (SKI3) Intracellular trafficking and secretion, 
3642470 similar to killer toxin-resistance protein 

(CaO19.433) 
intra-Golgi vesicle-mediated transport, 

3637401 similar to kinesin and human CENP-E 
(CaO19.841) 

intra-Golgi vesicle-mediated transport, 

3641733 potential fungal Zn (2)-Cys (6) binuclear cluster 
domain (CaO19.7381) 

invasive growth in response to glucose 
limitation, transcription, DNA-templated, cell 
adhesion, pathogenesis, filamentous growth, cellular 
response to drug, cellular response to glucose 
starvation, cell adhesion involved in single-species 
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biofilm formation, regulation of transcription from 
RNA polymerase II, regulation of phenotypic 
switching,  

3641789 one of eleven likely ferric reductase genes similar 
to CFL1;(CFL3) 

iron ion transport, cellular iron ion homeostasis, copper 
ion import, 

3646059 one of eleven likely ferric reductase genes similar 
to CFL1; (CFL6) 

iron ion transport, cellular iron ion homeostasis, copper 
ion import, 

3645137 nuclear encoded mitochondrial tRNA-Ile 
synthetase (ISM1) 

isoleucyl-tRNA aminoacylation, 

3645956 Isoleucyl-tRNA synthetase, cytoplasmic(ILS1) isoleucyl-tRNA aminoacylation, 
3643876 BiP-interacting DNAJ-like co-chaperone 

involved in ER-associated protein degradation of 
misfolded proteins (JEM1) 

karyogamy involved in conjugation with cellular 
fusion, protein folding, ER-associated ubiquitin-
dependent protein catabolic process, 

3634890 C. albicans secretory lipase 6(LIP6) lipid catabolic process, 
3635675 similar to N terminus of TGL3 (YMR313C) lipid 

particle triacylglycerol lipase (TGL3) 
lipid metabolic process, 

3645860 possible glycerophosphoryl phosphodiesterase 
(CaO19.10987) 

lipid metabolic process, cell-abiotic substrate adhesion, 

3641967 similar to S. cerevisiae LCB4 (YOR171C) 
sphingoid long chain base (LCB) kinase (LCB4) 

Lipid metabolism / General function prediction only, 

3640273 similar to acyl-CoA ligase-like proteins in a 
variety of plant pathogens and to S. cerevisiae 
YOR093C(CPS2) 

Lipid metabolism / Secondary metabolites biosynthesis, 
transport, and catabolism, 

3647478 one of five genes similar to acyl-CoA 
thioesterase; weak similarity to S. cerevisiae 
TES1 (YJR019C); present in a tandem array 
(TES5) 

Lipid metabolism, 

3638418 one of four genes similar to S. cerevisiae fatty 
acyl-CoA synthetase FAA2 (YER015W); lipid 
metabolism (FAA21) 

Lipid metabolism, 

3645304 similar to S-adenosylmethionine:diacylglycerol 
3-amino-3-carboxypropyl transferase 
(CaO19.8764) 

Lipid metabolism, 

3641494 similar to S. cerevisiae FAS1 (YKL182W) fatty 
acid synthetase beta subunit(FAS1) 

Lipid metabolism, 

3643764 Mating Type-Like locus a version of potential 
oxysterol binding protein similar to S. cerevisiae 
OSH6 (YKR003W) involved in steroid 
biosynthesis (OBPa) 

lipid transport, pathogenesis, single-species biofilm 
formation on inanimate substrate, 

3642279 Saccharopine dehydrogenase (NADP+, L-
glutamate forming) (LYS9) 

lysine biosynthetic process via aminoadipic acid, 

3636875 alpha-aminoadipate reductase large subunit; 
(LYS2) 

lysine biosynthetic process via aminoadipic acid, 

3637882 vacuolar alpha mannosidase (AMS1) mannose metabolic process, 
3640953 likely MAP kinase kinase (HST7) MAPK cascade, protein phosphorylation, cellular 

response to starvation, filamentous growth, fungal-type 
cell wall organization, cellular response to 
drug,  MAPK cascade involved in conjugation with 
cellular fusion, parasexual conjugation with cellular 
fusion, 

3640873 likely MAP kinase kinase (HST7) MAPK cascade, protein phosphorylation, cellular 
response to starvation, filamentous growth, fungal-type 
cell wall organization, cellular response to drug, MAPK 
cascade involved in conjugation with cellular 
fusion,  parasexual conjugation with cellular fusion, 

3634765 microtubule-associated protein (YTM1) maturation of LSU-rRNA from tricistronic rRNA 
transcript (SSU-rRNA, 5.8S rRNA, LSU-
rRNA), maturation of 5.8S rRNA from tricistronic 
rRNA transcript (SSU-rRNA, 5.8S rRNA, LSU-
rRNA), cellular response to starvation, filamentous 
growth, 

3639008 ATP-dependent RNA helicase (RRP3) maturation of SSU-rRNA from tricistronic rRNA 
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transcript (SSU-rRNA, 5.8S rRNA, LSU-rRNA), 
3638922 rRNA processing(UTP5) maturation of SSU-rRNA from tricistronic rRNA 

transcript (SSU-rRNA, 5.8S rRNA, LSU-
rRNA), positive regulation of transcription from RNA 
polymerase I promoter, 

3637907 similar to S. cerevisiae YLR022C(CaO19.2708) mature ribosome assembly, 
3639528 N terminus of Meiosis-specific phospholipase 

A2-like orf (SPO22) 
meiotic cell cycle, 

3642127 similar to S. cerevisiae YHL023C(CaO19.6444) meiotic cell cycle, 
3642126 one of two potential enoyl-CoA 

hydratase/isomerase genes peroxisomal enoyl-
CoA isomerases; present in tandem repeat(DCI1) 

metabolic process, 

3644024 potential acyltransferase; possible role in 
phospholipid biosynthesis (CaO19.137) 

metabolic process, 

3639941 succinate-CoA ligase (LSC1) metabolic process, 
3644955 O-acetylhomoserine O-acetylserine 

sulphydrylase; visual selection marker; (MET15) 
methionine biosynthetic process, 

3647974 similar to S. cerevisiae YGL093w(CaO19.4557) microtubule nucleation, mitotic spindle assembly 
checkpoint, sister chromatid biorientation, protein 
localization to kinetochore, 

3647103 microtubule nucleation (STU2) microtubule nucleation, mitotic spindle organization in 
nucleus, 

3645261 kinesin microtubule motor complex protein 
(KIP1) 

microtubule-based movement, 

3643954 kinesin microtubule motor complex protein 
(KIP2) 

microtubule-based movement, 

3641950 kinesin  myosin binding protein involved in bud 
growth(SMY1) 

microtubule-based movement, cellular response to 
starvation, filamentous growth,  

3640999 Mitochondrial protease (PIM1) misfolded or incompletely synthesized protein catabolic 
process, cellular response to oxidative 
stress, chaperone-mediated protein complex 
assembly, oxidation-dependent protein catabolic 
process, regulation of mitochondrial DNA replication, 

3643676 similar to plant mitochondrial Lon1 protease and 
to S. cerevisiae PIM1 (YBL022C) mitochondrial 
ATP-dependent protease (LON1) 

misfolded or incompletely synthesized protein catabolic 
process, protein processing, protein import into 
peroxisome matrix, 

3640972 similar to S. cerevisiae MutS Homolog involved 
in Mitochondrial DNA mismatch repair(MSH1) 

mismatch repair, 

3636820 Mitochondrial genome maintenance (MGM101) mitochondrial genome maintenance, DNA 
repair, cellular response to drug, 

3646012 putative DNA helicase involved in repair and 
recombination of mitochondrial DNA that also 
plays a role in (nuclear) chromosomal telomere 
formation and elongation (CaO19.13552) 

mitochondrial genome maintenance, telomere 
maintenance, DNA repair, DNA 
recombination, negative regulation of telomere 
maintenance via telomerase, 

3640047 Mitochondrial group II intron splicing; 
transporter(MRS2) 

mitochondrial magnesium ion transport, 

3639564 Mitochondrial elongation factor G-like protein 
(MEF2) 

mitochondrial translation, ribosome disassembly, 

3636123 Mitochondrial elongation factor G-like protein 
(MEF1) 

mitochondrial translational elongation, 

3637031 FAD carrier protein (FLX1) mitochondrial transport, 
3643278 similar to S. cerevisiae YDL033C(CaO19.7245) mitochondrial tRNA thio-modification, 
3636834 one of two genes involved in mitochondrial 

biogenesis;(MDM31) 
mitochondrion inheritance, 

3647888 Septin, component of 10nm filaments of mother-
bud neck(CDC11) 

mitotic cytokinesis, septin ring 
assembly, chlamydospore formation, chitin 
localization, asymmetric protein 
localization, pathogenesis, maintenance of cell 
polarity, hyphal growth, establishment of nucleus 
localization, positive regulation of protein kinase 
activity, growth of unicellular organism as a thread of 
attached cells, 
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3646752 coiled-coil protein; spindle-assembly 
checkpoint(MAD1) 

mitotic nuclear division, mitotic spindle assembly 
checkpoint, cell division, 

3646978 subunit of chromatin assembly factor 1(CAC2) mitotic sister chromatid segregation, DNA replication-
dependent nucleosome assembly, chromosome 
segregation, regulation of phenotypic switching, 

3644665 spindle-assembly checkpoint protein (MAD2) mitotic sister chromatid segregation, mitotic spindle 
assembly checkpoint, pathogenesis, cellular response to 
oxidative stress, cellular response to drug, growth of 
symbiont in host cell, cell division, 

3635832 spliceosomal U1 snRNP protein (PRP39) mRNA 5'-splice site recognition, 
3635823 regulator of leucine permease; (SAC3) mRNA export from nucleus, 
3637945 pre-tRNA processing (PTA1) mRNA polyadenylation, mRNA cleavage, tRNA 

processing, termination of RNA polymerase II 
transcription, poly (A)-coupled, termination of RNA 
polymerase II transcription, exosome-
dependent, response to drug, 

3647560 lariat RNA debranching enzyme (DBR1) mRNA processing, 
3639490 RNA helicase of DEAD box family (DHH1) mRNA processing, regulation of translation, mRNA 

transport, 
3645059 potential G-patch domain protein, similar to S. 

cerevisiae YNL224(CaO19.9936) 
mRNA processing, RNA splicing, 

3635831 spliceosomal U1 snRNP protein (SNU71) mRNA processing, RNA splicing, 
3638447 spliceosomal RNA helicase (PRP5) mRNA processing, RNA splicing, 
3646818 member of the β transducin family (CDC40) mRNA splicing, via spliceosome, 
3643938 spliceosome associated protein, complexed with 

Myb-related Cdc5p/Cef1p; (CWC22) 
mRNA splicing, via spliceosome, 

3643515 Twinfilin A, an actin monomer sequestering 
protein (TWF1) 

negative regulation of actin filament polymerization, 

3641896 class II histone deacetylase HDA1 complex 
subunit(HDA3) 

negative regulation of transcription from RNA 
polymerase II promoter, chromosome segregation, gene 
silencing involved in chronological cell aging, histone 
deacetylation, gene silencing by RNA, 

3644692 alpha mannosidase (MNS1) N-glycan processing, ER-associated ubiquitin-
dependent protein catabolic process, glycoprotein 
ERAD pathway, 

3640385 likely carbamoyl-phosphate synthase large 
subunit invovled in arginine biosynthesis (CPA2) 

nitrogen compound metabolic process, 

3639698 large yeast nuclear pore complex subunit 
(NUP192) 

nuclear pore organization, 

3646278 component of the cytoplasmic mRNA 
deadenylase and CCR4-NOT transcription factor 
complex (CDC39) 

nuclear-transcribed mRNA catabolic process, 
deadenylation-dependent decay, negative regulation of 
translation, 

3645728 aspartate transcarbamylase, pyrimidine 
biosynthesis enzyme (URA2) 

Nucleotide transport and metabolism, 

3634819 likely dihydroorotate oxidase involved in 
pyrimidine base biosynthesis (URA1) 

Nucleotide transport and metabolism, 

3645140 RNA Pol II elongator-associated protein involved 
in resistance to K.lactis killer toxin (KTI12) 

Nucleotide transport and metabolism, 

3645374 similar to RAD13, excision repair protein 
(RAD13) 

nucleotide-excision repair, 

3638014 DNA helicase component of transcription factor 
TFIIH, DNA excision repair complexes (RAD3) 

nucleotide-excision repair, DNA duplex 
unwinding, transcription from RNA polymerase II 
promoter, regulation of transposition, RNA-
mediated, nucleotide-excision repair, DNA 
incision, positive regulation of mitotic 
recombination, phosphorylation of RNA polymerase II 
C-terminal domain, 

3636027 DNA-dependent ATPase required for x-ray 
damage repair and recombination (RAD54) 

nucleus organization, mitotic nuclear division, 

3638170 similar to S. cerevisiae YMR196W(CaO19.7971) oligosaccharide metabolic process, 
3636277 Putative S-adenosyl-L-homocysteine hydrolase 

(SAH1) 
one-carbon metabolic process, 
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3641358 histidine kinase osmosensor(NIK1) osmosensory signaling via phosphorelay 
pathway, pathogenesis, filamentous growth, cellular 
response to farnesol, 

3640422 histidine kinase osmosensor(SLN1) osmosensory signaling via phosphorelay 
pathway, pathogenesis, filamentous growth, cell wall 
organization, cellular response to farnesol,  

3641920 corticosteroid-binding protein; likely Flavin 
containing amine oxidoreductase; (CBP1) 

pantothenate biosynthetic process, spermine catabolic 
process, 

3640017 C. albicans 37kD cell surface protein 
(AAB66368)(CSP37) 

pathogenesis, 

3644735 secretory aspartyl proteinase SAP7p(SAP7) pathogenesis, 
3637810 serine/threonine-protein kinase involved in cell 

cycle control(HSL1) 
pathogenesis, 

3640436 similar to hyphal regulated cell wall protein 
HYR1p; (CaO19.3279) 

pathogenesis, 

3643373 Casein kinase II alpha' subunit; potential role in 
cell cycle control(CKA2) 

pathogenesis, calcium-mediated signaling, cellular 
response to oxidative stress, cellular response to drug, 

3641034 Gtpase activating protein for Ypt1p(GYP1) pathogenesis, hyphal growth, 
3644531 similar to fungal AP1-like transcription factors 

(CaO19.681) 
pathogenesis, iron assimilation, cellular response to 
alkaline pH, negative regulation of transcription from 
RNA polymerase II promoter in response to iron ion 
starvation, 

3637241 protein component of the ambient pH signal 
transduction system (CaO19.8500) 

pathogenesis, protein processing, filamentous 
growth, filamentous growth of a population of 
unicellular organisms, regulation of intracellular 
pH, cellular response to pH, 

3646784 Expression Cell Elongation (ECE1) pathogenesis, regulation of cytolysis, single-species 
biofilm formation on inanimate substrate, cytolysis in 
other organism, 

3636131 6-phosphogluconate dehydrogenase; hexose 
mono-phosphate shunt and pentose phosphate 
pathways (DOR14) 

pentose-phosphate shunt, D-gluconate metabolic 
process, 

3647586 dipeptidyl involved in maturation of α-factor 
(STE13) 

peptide pheromone maturation, cellular response to 
starvation, filamentous growth,  

3645013 dipthamide biosynthesis protein (DPH2) peptidyl-diphthamide biosynthetic process from 
peptidyl-histidine, 

3646288 peroxisomal membrane protein (PEX11) peroxisome fission, 
3637970 cyclin-dependent protein kinase inhibitor (FAR1) pheromone-dependent signal transduction involved in 

conjugation, mitotic cell cycle arrest in response to 
pheromone, maintenance of protein location in nucleus, 

3645329 Phospholipase D: required for commitment to 
meiosis (SPO14) 

phosphatidic acid biosynthetic process, inositol lipid-
mediated signaling, 

3638024 inositol polyphosphate 5-phosphatase, 
Synaptojanin-like protein (INP52) 

phosphatidylinositol dephosphorylation, 

3647963 Phosphatidylinositol-4-kinase.(STT4) phosphatidylinositol 
phosphorylation, phosphatidylinositol-mediated 
signaling, 

3647039 Transcriptional regulator in sporulation; meiotic 
spindle pole body duplication (SPO1) 

phospholipid catabolic process, 

3635724 phospholipase B(PLB3) phospholipid catabolic process, 
3646061 diacylglycerol pyrophosphate phosphatase 

(CaO19.1181) 
phospholipid metabolic process, signal 
transduction, phospholipid dephosphorylation, 

3639697 likely protein kinase (KIN1) plasma membrane organization, establishment or 
maintenance of actin cytoskeleton polarity, cell growth 
mode switching, monopolar to bipolar, establishment or 
maintenance of cell polarity regulating cell 
shape, mitotic cytokinesis, site selection, 

3634923 protoporphyrinogen oxidase (HEM14) porphyrin-containing compound biosynthetic process, 
3640525 ATPase subunit of the 19S regulatory particle of 

the 26S proteasome (RPT2) 
Posttranslational modification, protein turnover, 
chaperones, 

3638933 Hsp90 system cochaperone (AHA1) Posttranslational modification, protein turnover, 
chaperones, 
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3638035 mitochondrial cysteine desulfhydrase involved in 
biogenesis of Fe/S proteins (SPL1) 

Posttranslational modification, protein turnover, 
chaperones, 

3647859 subunit of farnesyl transferase (Ram1p+Ram2p), 
involved in prenylation of RAS proteins and a-
factor pheromone (RAM1) 

Posttranslational modification, protein turnover, 
chaperones, 

3641945 subunit of the 19S regulatory particle of the 26S 
proteasome (RPN2) 

Posttranslational modification, protein turnover, 
chaperones, 

3640179 similar to S. cerevisiae YNL123W(CaO19.3288) Posttranslational modification, protein turnover, 
chaperones, 

3643516  Zinc finger, ring finger; (CaO19.2229) Posttranslational modification, protein turnover, 
chaperones, 

3638433 gene that influences cell surface structure 
(CaO19.6772) 

proteasome assembly, 

3637871 ubiquitin-protein ligase (UBR1) protein catabolic process, 
3641721 similar to S. cerevisiae YNL026W(CaO19.7358) protein complex assembly, protein import into 

mitochondrial outer membrane, 
3638512 protein phosphatase 2A regulatory subunit 

A(TPD3) 
protein dephosphorylation, cellular bud neck septin ring 
organization, 

3645544 nuclear envelope-ER network integral membrane 
protein (SPO7) 

protein dephosphorylation, nuclear envelope 
organization, 

3643478 subunit of chaperonin Cct ring complex involved 
in cytoskeleton assembly and protein folding 
(CCT5) 

protein folding, 

3646473 subunit of chaperonin Cct ring complex involved 
in cytoskeleton assembly and protein folding( 
TCP1) 

protein folding, 

3636327 subunit of chaperonin Cct ring complex involved 
in cytoskeleton assembly and protein folding 
(CCT3) 

protein folding, cellular response to drug, 

3636951 heat shock protein which affects sexual cycle and 
suppresses vegetative incompatibility (HSP90) 

protein folding, pathogenesis, filamentous 
growth, intracellular steroid hormone receptor signaling 
pathway, cellular response to heat, cellular response to 
drug, regulation of apoptotic process,  

3634904 Golgi mannosyltransferase (CaO19.4900) protein glycosylation, 
3638043 Ca++-Pump, ATPase (CaO19.7089) protein glycosylation, exocytosis, filamentous 

growth, hyphal growth, fungal-type cell wall 
organization, filamentous growth of a population of 
unicellular organisms, Golgi calcium ion 
export, cellular response to mechanical stimulus, 

3644999 involved in peroxisomal import; intron and 5' 
exon upstream (PEX10) 

protein import into peroxisome matrix, 

3645983 Involved in spore wall formation (SPO71) protein localization to prospore membrane, 
3640727 actin interacting protein (BUD6) protein localization, establishment of cell 

polarity, hyphal growth, actin filament bundle 
assembly, 

3638688 possible mannosyltransferase; Golgi 
mannosyltransferase MNN2 (MNN22) 

protein mannosylation, mannan biosynthetic process, 

3647149 Ubiquitin activating enzyme (UBA3) protein neddylation, 
3635210 protein kinase C (PKC1) protein phosphorylation, signal transduction, fungal-

type cell wall organization, intracellular signal 
transduction, cellular response to drug, response to 
drug, cellular response to cold, 

3643407 required for peroxisome assembly (PEX6) protein targeting to peroxisome, fatty acid metabolic 
process, protein import into peroxisome matrix, receptor 
recycling, 

3636590 BCK1-like resistance to osmotic shock (BRO1) protein targeting to vacuole, late endosome to vacuole 
transport, cellular response to lithium ion, 

3637354 Vacuolar sorting (VPS36) protein targeting to vacuole, protein 
processing, filamentous growth, cellular response to 
lithium ion, cellular response to pH, cellular response to 
alkaline pH, 

3637572 ATPase involved in vacuolar sorting (VPS4) protein targeting to vacuole, vacuole 
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organization, protein 
secretion, pathogenesis, filamentous growth, hyphal 
growth, late endosome to vacuole transport, cellular 
response to lithium ion, 

3636796 similar to synaptobrevin v-SNARE protein, 
ER_Golgi transport(BOS1) 

protein transport, membrane fusion, 

3637869 proteasome subunit(PRE7) proteolysis involved in cellular protein catabolic 
process, 

3640925 Bifunctional transforymlase/cyclohydrolase; 
purine biosynthesis (ADE17) 

purine nucleotide biosynthetic process, 

3637323 linvolved in assembly of peroxisomal 
alcoholoxidase (PYC2) 

pyruvate metabolic process, gluconeogenesis, 

3642236 nucleosomal histone H3-Lys79 methylase 
involved in meiosis and transcriptional 
silencing(DOT1) 

recombinational repair, postreplication 
repair, chromatin silencing at telomere, transcription, 
DNA-templated, intra-S DNA damage checkpoint, G1 
DNA damage checkpoint, meiotic recombination 
checkpoint, global genome nucleotide-excision repair, 

3640382 protein which is involved in distribution of 
nuclei(CaO19.3248) 

regulation of microtubule motor activity, 

3642577 small subunit of RNA polymerase III(RPC31) regulation of transcription from RNA polymerase III 
promoter, 

3644981  general RNA Pol II transcription 
factor(CaO19.13102) 

regulation of transcription, DNA-templated, cell 
adhesion, pathogenesis, filamentous growth, cellular 
response to drug, cellular response to neutral 
pH, filamentous growth of a population of unicellular 
organisms, adhesion of symbiont to host,  

3634779 RNA polymerase II TFIIE small unit(TFA2) regulation of transcription, DNA-
templated, transcription initiation from RNA 
polymerase II promoter, 

3641256 translational activator of GCN4 via activation of 
eIF2alpha kinase GCN2 in response to starvation; 
(GCN1) 

regulation of translation, cellular response to 
stress, positive regulation of kinase activity, 

3636638 similar to G-alpha protein, glucose-induced 
activation of plasma membrane ATPase; role in 
pseudohyphal growth and sexual cycle.(GPA2) 

response to pheromone involved in conjugation with 
cellular fusion, signal transduction involved in 
filamentous growth, cellular copper ion homeostasis, G-
protein coupled receptor signaling pathway, cellular 
response to starvation, pathogenesis, cAMP-mediated 
signaling, filamentous growth, invasive growth in 
response to heat, 

3635160 enzyme involved in the synthesis of thiazole 
precursor to thiamine (THI4) 

response to stress, thiamine biosynthetic 
process, thiazole biosynthetic process, 

3636073 heat shock protein 70(HSP70) response to toxic substance, entry into host cell, cellular 
response to heat, induction by symbiont of host defense 
response, interaction with host, 

3644653 Cytoplasmic chaperone; member of the HSP70 
family similar to S. cerevisiae SSA2 
(YLL024C)(SSA2) 

response to toxic substance, peptide 
transport, interaction with host, 

3647955 hypothetical protein (CaO19.4713) retrograde transport, vesicle recycling within 
Golgi, Golgi organization,  

3636793 cyt C oxidase subunit I, copper B binding 
signature (CaO19.2928) 

retrograde vesicle-mediated transport, Golgi to ER, 

3641224 similar to S. cerevisiae ECM1(CaO19.5299) ribosomal large subunit export from nucleus, 
3643191 similar to S. cerevisiae SGD1 (YLR336C) 

essential nuclear protein (SGD1) 
ribosomal small subunit biogenesis, 

3645224 similar to essential nucleolar protein 
(CaO19.1902) 

ribosome biogenesis, 

3635749 mRNA processing: factor CF I 
component(RNA14) 

RNA processing and modification, 

3641397 potential transmembrane zinc finger protein 
integral nuclear/ER membrane ubiquitin-protein 
ligase E3 that targets MATalpha2(SSM4) 

RNA processing and modification, 

3642125 crucial component of the spliceosome and U5 RNA processing and modification, 
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snRNP(PRP8) 
3640538 U2 snRNP complex splicing factor SF3b subunit 

(SAP130) 
RNA processing and modification, 

3637842 hSF3B1/SAP155 spliceosomal U2 snRNP protein 
(HSH155) 

RNA processing and modification, 

3641759 similar to S. cerevisiae YIL096C(CaO19.7366) rRNA base methylation, 
3643358 ATP-dependent RNA helicase (MAK5) rRNA processing, 
3647601 DEAD box RNA helicase required for 18S rRNA 

synthesis;(CHR1) 
rRNA processing, 

3635229 likely DEAD box ATP-dependent RNA helicase 
nucleolar protein involved in rRNA 
processing(DBP10) 

rRNA processing, 

3641598 dead box RNA helicase involved in rRNA 
processing;(DBP9) 

rRNA processing, 

3647322 similar to S. cerevisiae YIL091C(CaO19.1849) rRNA processing, 
3644538 likely S-adenosylmethionine synthetase(SAM2) S-adenosylmethionine biosynthetic process, one-carbon 

metabolic process, 
3645353 similar to S. cerevisiae YDR316W(CaO19.1300) Secondary metabolites biosynthesis, transport, and 

catabolism / General function prediction only, 
3640295 N terminal fragment of allelic CaP19.13150; 

frameshifted; similar to C.maltosa N-alkane-
inducible cytochrome CYP52A3-b aka 
P450Alk1A(ALK1) 

Secondary metabolites biosynthesis, transport, and 
catabolism, 

3641400 cytochrome P450; ergosterol synthesis; (ERG5) Secondary metabolites biosynthesis, transport, and 
catabolism, 

3642312 one of two fumarylacetoacetate hydrolase family 
genes; hydrolase family proteins;(FAH2) 

Secondary metabolites biosynthesis, transport, and 
catabolism, 

3648147 required for biosynthesis of dityrosine in the outer 
layer of the spore wall(DIT1) 

Secondary metabolites biosynthesis, transport, and 
catabolism, 

3644524 bud neck kinase (GIN4) septin ring assembly, regulation of cell 
growth, apoptotic process, exit from 
mitosis, filamentous growth, 

3642011 GTPase activating protein (IRA2) signal transduction, regulation of GTPase activity, 
3640145 C terminus of RAS-related protein RSR1; 

involved in bud site selection (RSR1) 
small GTPase mediated signal transduction, 

3637044 bud-emergence protein (BEM2) small GTPase mediated signal transduction, 
3637384 similar to S. cerevisiae YLR422W(CaO19.816) small GTPase mediated signal transduction, 
3635271 involved in ER to Golgi transport(ARF2) small GTPase mediated signal transduction, cellular 

response to drug, 
3642130 involved in ER to Golgi transport(ARF1) small GTPase mediated signal transduction, protein 

transport, vesicle-mediated transport, 
3640377 Signal recognition particle subunit; (SRP54) SRP-dependent cotranslational protein targeting to 

membrane, 
3640290 potential ABC family transporter (CaO19.5759) sterol import, cellular response to drug, 
3644051  bisphosphate-3'-nucleotidase, implicated in salt 

tolerance and methionine biogenesis; (HAL22) 
sulfur compound metabolic process, cellular amino acid 
biosynthetic process, phosphatidylinositol 
phosphorylation, 

3645324 Ku70-like DNA binding protein subunit involved 
in nonhomologous end joining (affects telomere 
maintenance, DNA repair and 
silencing)(YKU701) 

telomere maintenance, double-strand break repair via 
nonhomologous end joining, DNA 
recombination, DNA duplex unwinding, cellular 
response to gamma radiation, cellular response to X-ray, 

3645138 Ku80-like DNA binding protein subunit involved 
in nonhomologous end joining (affects telomere 
maintenance, DNA repair and silencing)(YKU80) 

telomere maintenance, double-strand break repair via 
nonhomologous end joining, DNA 
recombination, DNA duplex unwinding, cellular 
response to gamma radiation, cellular response to X-ray, 

3638042 Protein involved in translation initiation (SUA5) telomere maintenance, regulation of translational 
fidelity,  

3644123 involved in folic acid and derivative biosynthesis 
(FOL1) 

tetrahydrofolate biosynthetic process, folic acid 
biosynthetic process, 

3643942 uroporphyrinogen-III synthase involved in heme 
biosynthesis; (HEM4) 

tetrapyrrole biosynthetic process, 

3638271 thiamine-P pyrophosphorylase/ thiamine biosynthetic process, 
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hydroxyethylthiazole kinase (THI6) 
3641771 Aspartate kinase (HOM3) threonine biosynthetic process, lysine biosynthetic 

process via diaminopimelate, 
3636620 Snf2/Rad54 subfamily of NTP-dependent DNA 

helicases (CaO19.1720) 
Transcription / DNA replication, recombination, and 
repair, 

3636874 nucleotide excision repair protein (SNF helicase 
domain)(RAD16) 

Transcription / DNA replication, recombination, and 
repair, 

3634808  G2/M transition; spliceosome complex(CEF1) Transcription / RNA processing and modification / Cell 
division and chromosome partitioning, 

3643851 Protein associated with RNA polymerase 
II(PAF1) 

transcription elongation from RNA polymerase II 
promoter, histone modification, 

3645095 similar to S. cerevisiae YKR023W(CaO19.2391) transcription from RNA polymerase II 
promoter, positive regulation of transcription, DNA-
templated, 

3636404 DEAH box helicase involved in pre-mRNA 
splicing(PRP22) 

Transcription, 

3639486 TFIID subunit (TBP-associated factor)(TAF145) Transcription, 
3642864 chromatin remodeling complex 

component(RVB1) 
Transcription, 

3635847 RNA Pol II transcription elongation factor(SPT5) Transcription, 
3644513 mitochondrial inner membrane pre-sequence 

translocase complex guide protein (TIM50) 
Transcription, 

3642908 RNA polymerase 3 large subunit(RPO3) transcription, DNA-templated, 
3647677 RNA polymerase I largest subunit(RPA190) transcription, DNA-templated, 
3641819 possible fungal Zn (2)-Cys (6) binuclear cluster 

transcription factor; (CaO19.1255) 
transcription, DNA-templated, 

3643493 potential transcriptional regulator of the forkhead 
(FHL1) 

transcription, DNA-templated, 

3640296 potential fungal Zn (2)-Cys (6) binuclear cluster 
domain (YNA2) 

transcription, DNA-templated, 

3642519 RNA polymerase III, third-largest 
subunit(RPC82) 

transcription, DNA-templated, 

3635694 potential fungal Zn (2)-Cys (6) binuclear cluster 
domain (CaO19.4568) 

transcription, DNA-templated, 

3639535 transcription activator involved in proline 
utilization; (PUT3) 

transcription, DNA-templated, 

3636212 vestigial version of CHA4 (CHA4) transcription, DNA-templated, 
3641650 a nuclear protein with role in chromatin 

remodeling; PWWP domain (CaO19.3428) 
transcription, DNA-templated, 

3644660 potential fungal Zn (2)-Cys (6) binuclear cluster 
domain (WAR1) 

transcription, DNA-templated, cell adhesion, 

3641741 Heme Activated Protein; Co-ordinate control of 
synthesis of mitochondrial and non-mitochondrial 
hemoproteins; Zn (2)-Cys (6) binuclear cluster 
domain (HAP1) 

transcription, DNA-templated, cellular response to 
drug, positive regulation of transcription from RNA 
polymerase II promoter, 

3643671 Gal4p-type DNA binding protein that activates 
transcription of Ty retrotransposon from enhancer 
downstream (TEA1) 

transcription, DNA-templated, filamentous 
growth, cellular response to drug,  

3641743 Oleate Activated transcription factor which 
regulates peroxisome genes; (CTA4) 

transcription, DNA-templated, filamentous 
growth, filamentous growth of a population of 
unicellular organisms in response to biotic 
stimulus, positive regulation of transcription, DNA-
templated, positive  

3637353 Cyclin-dependent serine/threonin protein kinase 
(SSN3) 

transcription, DNA-templated, regulation of 
transcription, DNA-templated, 

3640749 ribonuclease component of the cytoplasmic 
mRNA deadenylase and CCR4-NOT 
transcription factor complex(CCR4) 

transcription, DNA-templated, regulation of 
transcription, DNA-templated, 

3639514 similar to S. cerevisiae YPR133C(CaO19.6252) transcription, DNA-templated, regulation of 
transcription, DNA-templated, 

3646725 RNA polymerase II holoenzyme/mediator 
subunit(SIN4) 

transcription, DNA-templated, regulation of 
transcription, DNA-templated, 
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3645995 cell cycle-specific transcriptional regulator of 
CUP1(ACE2) 

transcription, DNA-templated, regulation of 
transcription, DNA-templated, cell 
adhesion, pathogenesis, cell wall organization, 

3637327  telomere binding protein TBF1(TBF1) transcription, DNA-templated, regulation of 
transcription, DNA-templated, cell cycle, 

3638796 Histone transcription inhibitor (HIR1) transcription, DNA-templated, regulation of 
transcription, DNA-templated, chromosome 
segregation, covalent chromatin modification, 

3637405 involved in tRNA splicing and uptake of 
branched-chain amino acids (STP4) 

transcription, DNA-templated, regulation of 
transcription, DNA-templated, filamentous growth, 

3635261 potential TEA/ATTS domain protein; regulator of 
Ty1 expression (TEC1) 

transcription, DNA-templated, regulation of 
transcription, DNA-templated, regulation of 
transcription from RNA polymerase II promoter, cell 
adhesion,, pathogenesis, filamentous growth,  

3647468 fungal Zn (2)-Cys (6) binuclear cluster and 
fungal-specific transcription factor domains 
(CaO19.6182) 

transcription, DNA-templated, regulation of 
transcription, DNA-templated, regulation of 
transcription from RNA polymerase II promoter, 

3648111 involved in transcription elongation and mRNA 
nuclear export(RLR1) 

transcription-coupled nucleotide-excision repair, DNA 
recombination, transcription elongation from RNA 
polymerase II promoter, mRNA export from 
nucleus, mRNA 3'-end processing, 

3644739 putative mitochondrial ribosomal protein (GON5) translation, 
3640303 small subunit protein (E. coli S2)(MRP4) translation, 
3639724 large subunit protein L6(MRPL6) translation, 
3641957 small subunit protein S9(MRPS9) translation, 
3642115 putative mitochondrial small subunit protein 

(MRPS13) 
translation, 

3644560 mitochondrial ribosome small subunit protein 
YmS18 (MRPS18) 

translation, 

3647983 mitochondrial ribosome small subunit protein 
S18(RSM18) 

translation, 

3642410 mitochondrial ribosome small subunit protein 
(RSM22) 

translation, 

3637908 zuotin, ribosome-associated DnaJ-like chaperone 
(ZUO1) 

Translation, ribosomal structure and biogenesis / 
Posttranslational modification, protein turnover, 
chaperones, 

3639857 bud site selection (BMS1) Translation, ribosomal structure and biogenesis, 
3638320 cleaves pre-mRNAs prior to polyadenylation 

(CFT2) 
Translation, ribosomal structure and biogenesis, 

3636205 necessary for high temperature growth(MPT5) Translation, ribosomal structure and biogenesis, 
3636982 amidase genes (AMD23) Translation, ribosomal structure and biogenesis, 
3641524 potential tRNA dihydrouridine synthase (DUS4) Translation, ribosomal structure and biogenesis, 
3635820 processing of pre-rRNA to 18S and 5.8S 

rRNA(RRP5) 
Translation, ribosomal structure and biogenesis, 

3638925 nucleolar component of Box C/D snoRNPs; 2'-O-
methylation of rRNA(SIK1) 

Translation, ribosomal structure and biogenesis, 

3644280 translation elongation factor EF4(CaO19.11931) Translation, ribosomal structure and biogenesis, 
3642095 HSP70(SSB1) translation, filamentous growth, filamentous growth of 

a population of unicellular organisms, induction by 
symbiont of host defense response, 

3639917 translation initiation factor eIF4A subunit(TIF1) translational initiation, 
3636413 mitochondrial succinate-fumarate 

transporter(SFC1) 
transmembrane transport, 

3643798 likely mitochondrial carrier protein (CaO19.1393) transmembrane transport, 
3643686 mitochondrial carrier family and EF hand protein 

(CaO19.8981) 
transmembrane transport, 

3647311 permase, suppressor of sulfoxide ethionine 
resistance (SEO11) 

transmembrane transport, 

3648238 mitochondrial 2-oxodicarboxylate transport 
protein (ODC1) 

transmembrane transport, 

3637330 potential mitochondrial carrier protein transmembrane transport, 
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(CaO19.804) 
3646857 potential transporter (CaO19.1427) transmembrane transport, 
3645008 oligopeptide transporter-like protein; (OPT3) transmembrane transport, 
3636968 translocase of outer mitochondrial membrane 

(TOM40) 
transmembrane transport, 

3645351 Nuclear pore protein (NUP84) transport, 
3638856 nucleoporin (NIC96) transport, 
3647413 nucleoporin, GLFG motif (NUP145) transport, 
3642523 potential mitochondrial carrier protein 

(CaO19.10370) 
transport, 

3635189 peroxisomal small molecule transporter(PMP47) transport, 
3636892 trehalose-6-phosphate phosphatase;involved in 

stress response (TPS2) 
trehalose biosynthetic process, cellular response to 
starvation, pathogenesis, filamentous growth, cellular 
response to oxidative stress,cellular response to 
heat, negative regulation of flocculation, cellular 
response to osmotic stress, 

3642437 succinate dehydrogenase (CaO19.8070) tricarboxylic acid cycle, electron transport chain, 
3642090 mitochondrial aconitate hydratase; TCA cycle 

enzyme (ACO1) 
tricarboxylic acid cycle, induction by symbiont of host 
defense response, 

3647474 Mitochondrial NADP-specific isocitrate 
dehydrogenase (IDP1) 

tricarboxylic acid cycle, isocitrate metabolic process, 

3647851 tRNA (Gm18) ribose methyltransferase (TRM3) tRNA methylation, 
3638809 GTP binding protein MSS/mnmE involved in the 

hypermodification of the wobble position of some 
tRNAs; mitochondrial protein (MSS1) 

tRNA modification, 

3640543 likely tRNA 2'-phosphotransferase responsible 
for the last step of tRNA splicing(TPT1) 

tRNA splicing, via endonucleolytic cleavage and 
ligation, 

3640528 potential monooxygenase kynurenine 3-
monooxygenase, biosynthesis of Nicotinic 
Acid(BNA4) 

tryptophan catabolic process, cellular response to 
starvation, quinolinate biosynthetic 
process, filamentous growth, 'de novo' NAD 
biosynthetic process from tryptophan, anthranilate 
metabolic process, 

3639664 trans-hexaprenyltranstransferase (COQ1) ubiquinone biosynthetic process, isoprenoid 
biosynthetic process, 

3639558 potential ubiquitin carboxyl-terminal 
hydrolase(YUH1) 

ubiquitin-dependent protein catabolic process, 

3640510 proteasome subunit (SCL1) ubiquitin-dependent protein catabolic process, 
3639684 weak similarity to ubiquitin--protein ligase cullin 

component(CaO19.7497) 
ubiquitin-dependent protein catabolic process, 

3642501 Ubiquitin-specific protease.(UBP2) ubiquitin-dependent protein catabolic process, protein 
deubiquitination, 

3643337 ubiquitin-specific protease; DNA replication 
regulation (DOA4) 

ubiquitin-dependent protein catabolic process, protein 
deubiquitination, cellular response to lithium ion, 

3647411 similar to BcDNA.GH08385(CaO19.746) vacuolar transport, 
3646849 vacuolar membrane protein VAC7 

(YNL054W)(CaO19.1409) 
vacuole inheritance, filamentous growth, filamentous 
growth of a population of unicellular organisms in 
response to biotic stimulus, 

3648340 valyl-tRNA synthetase (VAS1) valyl-tRNA aminoacylation, 
3647078 Component of exocyst complex(SEC8) vesicle docking involved in exocytosis, protein 

transport, 
3643108 suppressor of SHR3, leflunomide resistance 

(SSH4) 
vesicle-mediated transport, protein targeting to vacuole 
involved in ubiquitin-dependent protein catabolic 
process via the multivesicular body sorting pathway, 

 


