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ABSTRACT 

Candida albicans is a human pathogenic fungus mainly affecting immunocompromised 

patients. Resistance to the commonly used fungicides can lead to poor treatment of 

mucosal infections which, in turn, can result in life-threatening systemic candidiasis. In 

this scenario, antimicrobial photodynamic treatment (PDT) has emerged as an effective 

alternative to treat superficial and localized fungal infections. Microbial death in PDT is 

a consequence of the oxidation of many cellular biomolecules, including proteins. Here, 

we report a combination of two-dimensional electrophoresis and tandem mass 

spectrometry to study protein damage resulting from PDT of C. albicans with new 

methylene blue N and red light. Two-dimensional gels of treated cells showed an 

increase in acidic spots in a fluence-dependent manner. Amino acid analysis revealed a 

decrease in histidine content after PDT which is a plausible explanation for the observed 

acidic shift. However, some protein spots remained unchanged. Protein identification by 

mass spectrometry revealed that both modified and unmodified proteins could be 

localized to the cytoplasm, ruling out subcellular location as the only explanation for 

damage selectivity. Therefore, we hypothesize that protein modification by PDT is a 

consequence of both photosensitizer binding affinity and the degree of exposure of 

photooxidizable residues on the protein surface. 

 

1. INTRODUCTION 

 Candida albicans is an important opportunistic fungus responsible for a wide 

range of human diseases, including oral, vulvovaginal, oropharyngeal and systemic 

candidiasis (NUCCI et al. 2010, PFALLER and DIEKEMA 2010, KOEHLER et al. 

2014, O’ROURKE 2015, SOBEL 2016). Immunocompromised individuals are 

particularly susceptible and C. albicans infections is now a worldwide health issue 



(KIM and SUDBERY 2011, PFALLER and DIEKEMA 2010, KOEHLER et al. 2014). 

There are several types of conventional chemotherapeutic agents available for treating 

fungal infections, including the polyenes, allylamines, echinocandins and azoles 

(MOTTA et al. 2010, RUHNKE et al. 2011, KOEHLER et al. 2014). However, given 

the single mode of action common to conventional antifungal agents the emergence of 

tolerant strains is not surprising. The development of antifungal tolerance in C. albicans 

was first reported during the early 1980, mostly in severely immunocompromised 

patients (REX et al. 1995). Tolerance to conventional fungicides is increasing and 

becoming a major problem in certain groups, particularly those infected with HIV 

(PFALLER and DIEKEMA 2010, MARTEL et al. 2010). A further complication in the 

conventional chemotherapeutic approach to treat HIV-positive patients is the drug-drug 

interaction (PATTON et al. 2001). 

Photodynamic treatment is a plausible alternative to treat superficial and 

localized infections caused by C. albicans and non-albicans species (GONZALES and 

MAISCH 2012). PDT commences with the application of a photosensitizer (PS) on the 

infection site. Then, light of the correct wavelength is used to irradiate the PS. Upon 

interaction with a photon emitted by the light source, the PS is excited to a high-energy 

electronic state. The decay to the ground state can take place by many processes, the 

most common being energy transfer to molecular oxygen (O2) to generate singlet 

oxygen (correctly written O2 (a
1Δg), but hereinafter referred to as 1O2). Singlet oxygen 

is a reactive oxygen species that interacts with many biomolecules (mainly lipids and 

proteins) causing cell death (BERTOLONI et al. 1989, LAMBRECHTS et al. 2005). 

Proteins constitute almost 70% of a cell’s dry weight and are a major target for PDT-

generated singlet oxygen (reviewed in DAVIES 2003). Singlet oxygen damage to 

proteins varies from relatively mild amino acid oxidations (mainly Trp, His, Tyr, Met 



and Cys) to the more severe formation of protein aggregates (DAVIES 2003). It is 

important to note, however, that even a single amino acid oxidation can have 

consequences to cells. For example, Escherichia coli glutamine synthetase loses its 

activity after the oxidation of a single, catalytic-site histidine residue (RIVETT and 

LEVINE 1990). 

 The protein complement expressed by a genome is termed proteome (WILKINS 

et al. 1996) and its study is generally referred to as proteomics. Despite being widely 

used to study fungal responses to stress (reviewed in KROLL et al. 2014), proteomics 

has not been employed to evaluate PDT effects on fungi proteomes. Two-dimensional 

electrophoresis (2-DE) was once considered the state-of-the-art technique for proteomic 

studies. Today it has almost completely been replaced by more refined techniques based 

on liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS). 

However, 2-DE still finds its application in proteomics (ROGOWSKA-WRZESINSKA 

et al. 2013). Magi et al. employed 2-DE to study the apoptotic response of human 

leukemia cells after exposure to light with the photosensitizer Purpurin-18 (MAGI et al. 

2004). Still on PDT, Dosselli et al. used 2-DE to evaluate the effects of different PS 

concentrations and light fluences on Staphyloccocus aureus proteome, showing a clear 

correlation between mortality rates and protein modification (DOSSELLI et al. 2012). 

 Our research group has already shown the efficiency of PDT with different 

phenothiazinium PS in killing C. albicans in vitro (RODRIGUES et al. 2013). High 

mortality rates were achieved even with low PS concentration and brief light exposure. 

However, a proteomic study to assess the extent of protein damage caused by PDT had 

not been performed. Therefore, we report here the effects of PDT with new methylene 

blue N (NMBN) on C. albicans proteome as evaluated by 2-DE. 



2. MATERIALS AND METHODS 

2.1 C. albicans and growth conditions. C. albicans ATCC 64548 was obtained from 

the American Type Culture Collection (Manassas, VA, USA). Cells were grown on 

Sabouraud dextrose agar (SDA) at 35 °C for 48 h. Isolated colonies were used to 

prepare a suspension (107 cells ml-1) that was then used to inoculate 50 ml of YPD 

medium (1% yeast extract, 2% peptone and 2% dextrose) in 125 ml erlenmeyer flasks. 

Incubation proceeded for six hours (35 °C, 150 rpm). Cells were then collected and 

washed with PBS (pH 7.4). 

2.2 Photosensitizer. New methylene blue N zinc chloride double salt (NMBN) was 

purchased from Sigma-Aldrich, Inc. (St. Louis, MO, USA). Stock solutions (500 µM) 

were prepared in PBS and kept protected from light at -18 °C for a maximum of 14 

days. NMBN exhibits an intense absorption at 630 nm. Molecular structure and 

absorption spectrum for NMBN can be seen in RODRIGUES et al. 2013. 

2.3 Light source. Irradiation was performed with an array containing 96 light-emitting 

diodes (LED) with emission peak at 631 nm. The measured irradiance from 400 to 700 

nm was 13.89 mW cm-2. Light measurement was performed with a USB4000 

spectroradiometer (Ocean Optics, Dunedin, FL, USA). Emission spectrum for the light 

source can be seen in RODRIGUES et al. 2013. 

2.4 Photodynamic treatment. Five milliliters of cell suspension (4 × 107 cells ml-1) and 

5 ml of PS solution were added to 15 ml tubes. Final cell and NMBN concentrations 

were 2 × 107 cells ml-1 and 2,5 µM, respectively. Tubes were kept in the dark for an 

incubation period of 30 minutes. The content of each tube (10 ml) was then transferred 

to plastic 60-mm petri dishes which were exposed to light fluences of 0 (dark control), 3 

and 10 J cm-2. During exposures, cell suspension was stirred with the help of a magnetic 



stirrer. Each experiment consisted of five exposures to either 3 or 10 J cm-2 so that 

enough cells were available for proteomic analysis. After exposure, a 50 µl aliquot was 

removed for cell survival assays. Each 10 ml cell suspension was then immediately 

collected by centrifugation (7,000 × g for five minutes), washed with 1 ml PBS, 

transferred to 2-ml tubes, frozen in liquid nitrogen and kept at -70 °C until protein 

extraction. Three independent experiments were performed. In addition to these 

experiments, 50 mM mannitol or 10 mM sodium azide were added prior to PDT with 10 

J cm-2 to evaluate the effects of the hydroxyl radical (·OH) and singlet oxygen (1O2), 

respectively, on cell survival and C. albicans proteome. Three independent experiments 

were performed for both mannitol and azide additions. 

2.5 Cell survival assays. After exposure to light, 50 µl were collected from the 

suspension, serially diluted (10-1 to 10-3) and spread on the surface of 5 ml of SDA 

medium in Petri dishes (60 × 15 mm). Three replicate dishes were prepared for each 

treatment. Cell survival to PDT was determined by counting colony forming units 

(CFU) and calculating the percent ratio of exposed to unexposed cells. 

2.6 Protein extraction and quantification. To each tube, containing 2 × 108 cells, 500 

µl of extraction buffer (7 M urea, 2 M thiourea and 4% CHAPS) and 500 µl of glass 

beads (425-600 µm, Sigma) were added. Five microliters of Protease Inhibitor Mix 

(100×, GE Healthcare Life Sciences, Uppsala, Sweden) were also added. Cells were 

disrupted by five cycles consisting of one minute vortexing and five minutes on ice. 

Tubes were then centrifuged at 10,000 × g for five minutes at 4 °C and the resulting 

supernatant collected. Proteins in the supernatant were purified by precipitation with 6 

volumes acetone overnight at -20 °C. After acetone removal, the protein pellet was 

resuspended in the same extraction buffer used previously and quantified by 2-D Quant 

Kit (GE Healthcare). 



2.7 Two dimensional electrophoresis (2-DE). Protein concentrations were adjusted to 

20 µg in 250 µl of rehydration buffer [7 M urea, 2 M thiourea, 4% CHAPS, 40 mM 

dithiothreitol (DTT), 0.5% IPG buffer 3-11 NL (GE Healthcare), 3 µl Protease Inhibitor 

Mix (GE Healthcare) and 0.002% bromophenol blue]. This volume was applied to 13-

cm 3-11 NL Immobiline™ DryStrips (GE Healthcare) and the strips were rehydrated 

for 16 h. Isoelectric focusing proceeded in an IPGphor 3 system (GE Healthcare) 

according to the following protocol: 500 V (step and hold) to 0.5 kVh, 1000 V 

(gradient) to 0.8 kVh, 8000 V (gradient) to 11.3 kVh and 8000 V (step and hold) until a 

total of 25 kVh was reached. Strips were then equilibrated in a solution containing 75 

mM Tris-HCl pH 8.8, 6 M urea, 30% glycerol, 2% sodium dodecyl sulfate (SDS) and 

65 mM DTT for 15 minutes. The same procedure was repeated, but DTT was replaced 

by 135 mM iodoacetamide. Second dimension SDS-PAGE was carried out in 12.5% 

polyacrylamide gels in a SE 600 Ruby system (GE Healthcare) according to the 

protocol by Laemmli (LAEMMLI 1970). Gels were silver-stained following the “Short 

silver nitrate staining” protocol previously described (CHEVALLET et al. 2006). 

Stained gels were scanned on ImageScanner III and Labscan (GE Healthcare) and 

image analyses were performed with ImageMaster 2D Platinum 7 (GE Healthcare). 

2.8 Protein identification by MS/MS. For protein identification, gels were prepared 

exactly as described previously, except for the higher protein load of 100 µg. Gels were 

then stained with Coomassie Brilliant Blue G-250 (USB Corporation, USA). Spots were 

excised from the gels with a sterile scalp and processed based on the protocol described 

in SHEVCHENKO et al. 2006. Briefly, spots were destained overnight in 0.1 M 

ammonium bicarbonate/50% acetonitrile and then placed in 100% acetonitrile for 10 

min. After removing acetonitrile, spots were dried in a vacuum centrifuge (Speed Vac, 

USA) and digested with 0.5 µg of modified trypsin (Promega, USA) in 0.1 M 



ammonium bicarbonate at 37 °C for 24 h. Reaction was then stopped by adding 5 µl of 

formic acid and the spots were kept at 4 °C for 24 h. Then, trypsin-digested peptides 

were passed through a C18 resin (Perseptive Biosystems, USA) to remove salt and dried 

in a vacuum centrifuge. Dried peptides were solubilized in 6 µl α-cyano-4-

hydroxycinnaminic acid (5 mg ml-1 in 50% acetonitrile/0.1% trifluoroacetic acid, 

Sigma). Finally, 2 µl were spotted on a MALDI target plate. Analysis proceeded in a 

MALDI-TOF/TOF MS/MS (Axima Performance, Shimadzu Biotech) in positive ion 

mode and the ten most intense ions were selected for MS/MS. Protein identification 

based on mass spectra was performed with MASCOT (Matrix Science) using the 

following parameters: databases “Swiss-Prot” and “contaminants”, taxonomy “other 

fungi”, enzyme “trypsin”, up to 1 missed cleavage, fixed modification 

“carbamidomethyl (C)”, variable modification “oxidation (M)”, peptide tolerance “1.2 

Da”, MS/MS tolerance “0.8 Da”, peptide charge “+1” and “average masses”. 

2.9 Amino acid analysis. Amino acid analysis was performed as described by 

BIDLINGMEYER et al. 1984 with slight modifications. A total of 2 × 106 cells either 

exposed only to NMBN (control) or treated with PDT (10 J cm-2 or 20 J cm-2) were 

lysed with 6 N HCl at 110 °C for 22 h. This process results in both cell lysis and acid 

hydrolysis of proteins, yielding free amino acids. Then, free amino acids were 

derivatized with phenylisothiocyanate and analyzed by HPLC employing a C18 reverse-

phase column. The elution process was monitored by reading the absorbance at 254 nm 

which corresponds to the phenylthiocarbamyl derivative of the amino acids. For each 

experiment, a standard (Pierce H) with known amino acids concentrations was also 

analyzed. Percent content of each amino acid in the samples was calculated by 

measuring peak area relative to the amino acid standard. Two independent experiments 

were performed. We then calculated percent reduction of amino acid after PDT for the 



two experiments. Mean percent reduction and standard deviation was calculated by 

averaging the percent reduction observed in each experiment. For clarity purposes, we 

denoted our two experiments ‘Exp 1’ and ‘Exp 2’ and report the amino acid percent 

content of each experiment. 

 

3. RESULTS 

3.1 C. albicans survival after PDT. Following PDT with 2.5 µM NMBN and light 

fluences of 3 and 10 J cm-2, C. albicans assessed mortality was 97.4% and 99.9975%, 

respectively (Fig. 1). These results are in accordance with those previously published by 

our group and show that cell death proceeds rapidly even with low PS concentrations 

(RODRIGUES et al. 2013). Both treatments were used for proteomic analysis and will 

be hereinafter referred to as 3 J cm-2 and 10 J cm-2. 

 

Fig. 1 – Candida albicans relative survival after PDT with light fluences of 3 or 10 J cm-2. 

Control refers to cells exposed to NMBN but not irradiated. Three independent experiments 

were performed 

 



3.2 Proteomic alterations resulting from PDT. Proteomic alterations caused by PDT 

and assessed by 2-DE are shown in Fig. 2. 

 

Fig. 2 – 2-D gels of control (A and C) and PDT-treated C. albicans with light fluences of 3 J 

cm-2 (B) and 10 J cm-2 (D). PDT resulted in the appearance of spot trains for some proteins and 

this effect was observed to be fluence-dependent. Horizontal arrows delimit spots for which 

spot trains could be observed for both light fluences. Oblique (diamond) arrow shows a protein 

spot that was only modified after the 10 J cm-2 treatment. White ellipse encompasses protein 

spots that were not modified by PDT. Numbers identify protein spots that were analyzed by 

MS/MS (see Table 1) 

 



 Treatment with the lower fluence (3 J cm-2) induced visible modifications on the 

C. albicans proteome (Fig. 2A and B). These modifications consist of the appearance of 

new, more acidic spots when compared to unexposed control (white arrows in Figures 

2A and 2B). When the light fluence was increased to 10 J cm-2, these proteome 

modifications were intensified, resulting in the appearance of even more acidic spots 

(see white arrows and compare Figures 2B and 2D). Some protein spots were found to 

remain after the lower fluence treatment, undergoing modification when treatment 

intensity was increased (oblique diamond arrow in Figure 2), a further indication of a 

fluence-dependent mechanism. At least a group of protein spots (white ellipse, Fig. 2) 

suffered no modification even after the high intensity treatment. Taken together, these 

results suggest that PDT-induced protein modification on C. albicans is both fluence-

dependent and protein-specific, with some proteins being less susceptible to 

modification than others. 

 The addition of 50 mM mannitol prior to PDT could not prevent cell death nor 

proteomic alteration to any extent (Fig. 3), indicating that the hydroxyl radical (·OH) is 

not the reactive species responsible for the observed damage. 



 

Fig. 3 – Effects of PDT in the presence of 50 mM mannitol. (A) Relative survival after PDT 

with 10 J cm-2 in the presence of mannitol. 2-D gels before (B) and after (C) PDT in the 

presence of mannitol. Overall, mannitol did not improve cell survival or reduce protein 

modification, indicating that the hydroxyl radical is not responsible for either cell mortality or 

protein damage 

 

 On the other hand, addition of 10 mM sodium azide reduced cell death from 

99.9975% to around 31% for the 10 J cm-2 treatment (Fig 4A) and also could reduce 

some of the proteome damage (Fig 4 B and C), indicating that 1O2 is at least partially 

responsible for both cell death and proteomic alteration in C. albicans. 



 

Fig. 4 – Effects of PDT in the presence of 10 mM sodium azide. (A) Relative survival after 

PDT with 10 J cm-2 in the presence and absence of azide. 2-D gels before (B) and after (C) PDT 

in the presence of azide. Overall, azide greatly reduced cell mortality and also prevented some 

protein modification, implicating singlet oxygen in both cell mortality and protein damage 

 

3.3 Protein identification by MS/MS. A total of eight spots were analyzed by MALDI-

TOF/TOF MS/MS for protein identification. Four (spots 1a, 1b, 2a and 2b, Fig 2) 

represented modified proteins while three (spots 3, 4 and 5) represented unmodified 

proteins. Also, spot 6 represented a protein that was only modified by the high-fluence 

treatment. All protein spots were identified and corresponded to six different proteins. 

The identified proteins’ subcellular locations were predicted by using WoLF PSORT 

(HORTON et al. 2007). Results are shown in Table 1. 



Table 1 – Protein identification by MALDI-TOF/TOF MS/MS. Spot ID can be visualized in 

Figure 2 
aSubcellular location predicted using WoLF PSORT (HORTON et al. 2007) 

Spot 
ID 

Protein Organism MASCOT 
Score 

UniProtKB Molecular 
Mass (Da) 

pI Subcellular 
locationa 

1a  Glyceraldehyde-
3-phosphate 

dehydrogenase 

Candida 
albicans 

WO-1 

302 Q92211 35925 6,61 Cytoplasm 

1b Glyceraldehyde-
3-phosphate 

dehydrogenase 

Candida 
albicans 

WO-1 

91 Q92211 35925 6,61 Cytoplasm 

2a Fructose-
biphosphate 

aldolase 

Candida 
albicans 
SC5314 

210 Q9URB4 39362 5,59 Cytoplasm 

2b Fructose-
biphosphate 

aldolase 

Candida 
albicans 
SC5314 

94 Q9URB4 39362 5,59 Cytoplasm 

3 Elongation fator 
1-beta 

Candida 
albicans 

WO-1 

109 P78590 23465 4,25 Cytoplasm, 
nucleus 

4 Phosphoglycera
te mutase 

Candida 
albicans 
SC5314 

70 P82612 27437 5,79 Cytoplasm, 
nucleus 

5 Triosephosphat
e isomerase 

Candida 
albicans 
SC5314 

181 Q9P940 26880 5,74 Mitochondrion, 
cytoplasm 

6 Guanine 
nucleotide-

binding protein 
subunit beta-
like protein 

Candida 
albicans 
SC5314 

262 P83774 34705 6,07 Cytoplasm, 
nucleus 

 

 Glyceraldehyde 3-phosphate dehydrogenase, fructose biphosphate aldolase, 

phosphoglycerate mutase and triosephosphate isomerase (spots 1, 2, 4 and 5, 

respectively) are all carbohydrate metabolism enzymes and can be localized to the 

cytoplasm. The fact that the former two are extensively modified while the latter two 

are not further suggests that PDT-induced modification is protein-specific and not 

necessarily related to protein subcellular location. 

 Elongation factor 1-beta (spot 3) was also localized to the cytoplasm and its 

corresponding spot was chosen for its acidic nature. A low isoelectric point protein 



(negatively charged at physiological pH) would be expected to have a greater 

interaction with the positively charged NMBN and hence be readily modified. However, 

elongation factor 1-beta also appears to be resistant to PDT-induced modification. 

3.4 Amino acid analysis. Analysis of amino acids showed that His content had a 

reduction of 57.53% (SD = 0.17) for the 10 J cm-2 treatment when compared to 

unexposed control (Table 2). To verify whether a fluence increase would result in 

greater amino acid loss, we performed amino acid analysis after PDT with a light 

fluence of 20 J cm-2. This increased intensity reduced the His content by 100% relative 

to control. This result is consistent with His being one the most reactive amino acids 

towards singlet oxygen (WEIL et al. 1951). Other amino acids reactive to singlet 

oxygen are Trp, Tyr, Met, and Cys (WEIL et al. 1951). Trp cannot be evaluated by our 

technique because it is destroyed during sample preparation. Cys content was already 

zero even in the control group. Tyr residues underwent a 7.81% (SD = 1.09) reduction 

after PDT with 10 J cm-2. This number increased to 28.49% (SD = 20.10) when light 

fluence reached 20 J cm-2. A fluence-dependent amino acid loss was also observed for 

Met, with content reduction going from 24.87% (SD = 1.26) at 10 J cm-2 to 74.80% (SD 

= 35.64) at 20 J cm-2. 

 

 

 

 

 



Table 2 – Amino acid percent content in untreated (PS Dark) and PDT-treated C. albicans with light fluences of 10 or 

20 J cm-2. Two independent experiments were performed and are denoted Exp 1 and Exp 2. For clarity purposes, we 

report the amino acid percent content observed in each experiment separately. Note the reduction in His content and also 

losses of Tyr and Met 
aMean % reduction was calculated by averaging the percent reduction observed in each experiment (see section 2.9) 
bStandard deviation 
cAspartic acid or asparagine 
dGlutamic acid or glutamine 

 

Control 

(PS Dark) 
PDT 10 J cm-2 PDT 20 J cm-2 

% Content % Content 
Mean % 

Reductiona 
SDb 

% Content 
Mean % 

Reductiona 
SDb Amino 

Acid 

Exp 

1 

Exp 

2 

Exp 

1 

Exp 

2 

Exp 

1 

Exp 

2 

Asxc 12.47 12.15 12.81 10.75 4.41 10.05 13.87 11.04 -1.05 14.40 

Glxd 10.93 17.51 11.24 13.94 8.80 16.44 11.50 15.09 4.36 13.43 

Ser 3.16 5.38 3.35 4.47 5.43 16.23 4.37 5.20 -17.48 29.24 

Gly 5.37 5.29 5.47 4.98 2.08 5.44 5.62 4.83 1.98 9.38 

His 2.39 5.46 1.01 2.33 57.53 0.17 0.00 0.00 100.00 0.00 

Arg 6.14 15.04 6.56 13.99 0.08 9.78 5.76 12.81 10.51 6.09 

Thr 3.84 4.61 3.82 4.47 1.73 1.87 4.25 4.60 -5.26 7.80 

Ala 7.10 5.09 7.18 4.17 8.52 13.60 8.00 4.73 -2.70 14.03 

Pro 6.71 3.61 6.56 3.79 -1.30 5.14 6.88 4.73 -16.65 20.09 

Tyr 2.61 4.48 2.42 4.10 7.81 1.09 1.49 3.84 28.49 20.10 

Val 5.87 4.42 5.83 3.79 7.50 9.57 5.63 4.14 5.23 1.55 

Met 1.83 3.01 1.39 2.23 24.87 1.26 0.00 1.52 74.80 35.64 

Cys 0.00 0.00 0.00 0.00 - - 0.00 0.00 - - 

Ile 4.99 3.22 5.00 3.38 -2.61 3.42 5.13 2.97 2.49 7.40 

Leu 10.46 5.46 10.85 7.16 -17.42 19.46 11.38 6.85 -17.10 11.84 

Phe 4.60 4.42 4.73 5.27 -11.11 11.56 4.38 4.97 -3.74 12.11 

Lys 11.52 11.09 11.78 11.19 -1.55 0.99 11.75 12.69 -8.21 8.72 

 

4. DISCUSSION 

 C. albicans had previously been shown to be effectively photoinactivated in 

vitro using NMBN and red light. Also, mortality rates well over 99% could be achieved 

even with low PS concentrations (RODRIGUES et al. 2013). However, a more in-depth 

study at the molecular level was missing. Even though lipids – especially those of the 

membrane – are considered major targets during PDT (BÖCKING et al. 2000, 

LAMBRECHTS et al. 2005), proteins also play a crucial role, owing to their high 

abundance within cells and their reactivity towards singlet oxygen (DAVIES 2003). 



Therefore, we employed a combination of 2-DE and mass spectrometry to evaluate 

protein damage on C. albicans after PDT. 

 Our results show that, for some proteins, PDT induced an acidic shift, that is, the 

appearance of a series of new protein spots with lower isoelectric point (pI) (Fig 2). 

This proteomic alteration was shown to be fluence-dependent, with a higher number of 

modified spots appearing as treatment intensity increased from 3 to 10 J cm-2 (Fig 2B 

and 2D). 

 The acidic shift observed has been previously shown following protein oxidation 

employing γ-radiolysis (DAVIES 1987). However, this system generates ·OH, which 

reacts with lysine and arginine residues, causing their conversion to aminoadipic and 

glutamic semialdehydes, respectively (REQUENA et al. 2001). Since the formation of 

these semialdehydes involves the elimination of the amino and guanidine groups, the 

oxidized proteins become more acid. However, photosensitization with NMBN 

generates mostly 1O2 (WAINWRIGHT et al. 1998), which preferentially reacts with 

Trp, His, Tyr, Met, and Cys residues (WEIL et al. 1951). Of these, only His would be 

expected to influence the isoelectric point of proteins. Indeed, amino acid analysis of 

photosensitized cells showed that the Arg and Lys contents were unchanged, while the 

His content decreased by almost 60% after PDT with 10 J cm-2 and by 100% after PDT 

with 20 J cm-2 (Table 2). Rivett and Levine have shown that the metal-catalyzed 

oxidation of glutamine synthetase from E. coli results in the specific loss of two His 

residues per enzyme subunit. Concomitant with His oxidation, new acidic forms of the 

enzyme were seen upon isoelectric focusing (RIVETT and LEVINE 1990). Although 

the employed system generates mostly ·OH, the authors could not demonstrate the loss 

of amino acids other than His. This result shows that His oxidation alone can 

considerably change the pI of a protein. 



 Some protein spots in our gels remained unmodified even after the higher 

intensity treatment, suggesting that PDT might be protein-specific. It is important to 

note, however, that we evaluated protein damage on the basis of pI change. Tryptophan, 

a readily oxidized amino acid, would not contribute to pI change and its oxidation 

cannot be assessed by standard amino acid analysis because Trp is destroyed upon 

sample preparation. The fact that most of the identified proteins are cytoplasmic rules 

out different subcellular location as the only explanation for the selectivity observed. 

Instead, we hypothesize that protein-selective oxidation depends mostly on two factors: 

first, the interaction between protein and photosensitizer; and second, whether 

photooxidizable residues are present at or near the interaction site. Indeed, a series of 

studies by Jori et al. have shown the selective photooxidation of those residues involved 

in binding of the photosensitizer to the protein (JORI et al. 1970a, 1970b, 1971a, 

1971b). Also, others have shown that histidine residues buried deep inside the protein 

structure are not photooxidazible (KENKARE and RICHARDS 1966). Different 

photosensitizer binding affinities have been shown for human and bovine serum 

albumins (CHAKRABARTY et al. 2007). Given that these proteins share around 80% 

homology, it is evident that different proteins could greatly diverge in their ability to 

bind the photosensitizer. As an example of the importance of protein and PS affinity, 

the photooxidation of glyceraldehyde-3-phosphate dehydrogenase (GAPDH, spots 1a 

and 1b, Table 1) from rabbit muscle in the presence of Rose Bengal and light results in 

specific oxidation of His-38 and subsequent enzyme activity loss. Both NAD+ and 

substrate (glyceraldehyde-3-phosphate) provide partial protection by competing with 

Rose Bengal for the binding site (FRANCIS et al. 1973). Even though the authors did 

not perform isoelectric focusing of the oxidized GAPDH, it is reasonable to assume that 

the protein became more acid after His oxidation. On the other hand, triosephosphate 



isomerase (spot 5, Table 1) from Brewer’s yeast was found to be considerably resistant 

to photooxidation, undergoing no enzyme activity loss even after 300 minutes of 

illumination in the presence of 10 µM Rose Bengal (KRIETSCH et al. 1970). 

Interestingly, the authors have also shown that the same enzyme from rabbit muscle was 

much more susceptible to photooxidation under the same conditions (KRIETSCH et al. 

1970). On our gels, triosephosphate isomerase was found to be unmodified after the 

high-intensity treatment, probably indicating a closer proximity in this aspect to the 

yeast’s enzyme. 

 In a recent work, Dosselli et al. studied the effect of PDT with a porphyrin 

derivative on membrane-associated proteins of the Gram-positive bacterium 

Staphylococcus aureus by using 2-DE. Their results showed that, with increasing 

treatment intensity, proteins would form aggregates, resulting in spots disappearing 

from 2-D gels. Because of the high molecular weight of these protein aggregates, they 

were only seen in the stacking gel of one-dimensional SDS-PAGE (DOSSELLI et al. 

2012). Even though we did not perform 1-D SDS-PAGE, it is reasonable to assume that 

some protein aggregation took place during PDT. That is because protein cross-linking 

mediated by 1O2 starts with His oxidation and later proceeds to covalent binding of 

amino groups from other amino acids to oxidized histidine, forming both intra- and 

intermolecular His-His and His-Lys bonds (SHEN et al. 2000, LIU et al. 2014). Also, 

photooxidation of myoglobin leads almost exclusively to the formation of 

intramolecular cross-linking and results in loss of protein free amino groups (VAN 

STEVENINCK and DUBBELMAN 1984). In turn, this loss of free amino groups 

changes the isoelectric focusing of myoglobin, resulting in the appearance of more 

acidic forms (VAN STEVENINCK and DUBBELMAN 1984). On a side note, it has 

been shown that these cross-links are lost during sample preparation prior to 1-D SDS-



PAGE (i. e. boiling in the presence of SDS/dithiothreitol) (SHEN et al. 1996), so that 

some protein aggregation may have been overlooked during the work of Dosselli 

(DOSSELLI et al. 2012). 

 Also employing 2-DE, Magi et al. studied the proteome of human leukemia cells 

(HL-60) after PDT-induced apoptosis. They also reported the appearance of acidic 

isoforms for some structural proteins (e. g. β-actin and tubulin-α-1-chain) and 

associated this event with protein carbonylation assessed by western blotting with 2,4-

dinitrophenylhydrazine (DNPH) (MAGI et al. 2004). The authors argued that PDT 

could result in the side-chain carbonylation of Lys, Arg, Pro, and Thr residues. 

However, 1O2 generated by PDT reacts mostly with Trp, His, Tyr, Met, and Cys 

residues (WEIL et al. 1951). It is more likely that the protein carbonylation observed by 

the authors is the result of, for instance, Trp oxidation, as the end-product kynurenine is 

expected to give a positive result with DNPH (SILVESTER et al. 1998). The same is 

valid for His oxidation, which also results in carbonyl-containing products (TOMITA et 

al. 1969). 

 Recently, Alves et al. studied the photoinactivation of the bacteria E. coli and 

Staphylococcus warneri by using two different cationic porphyrins as photosensitizers 

(ALVES et al. 2015). The authors observed that, after PDT, the SDS-PAGE protein 

profile of both E. coli and S. warneri was altered. Overall, PDT caused both the 

disappearance and the appearance of protein bands on SDS-PAGE gels and this 

modification was found to be different for each of the porphyrins tested. Unfortunately, 

the authors did not perform mass spectrometry analyses for protein identification, 

relying instead on assignments based on molecular weight (ALVES et al. 2015). Based 

on these results, it would indeed be interesting to study the effect of a different 

photosensitizer on C. albicans proteome. 



 In our experiments, the addition of 10 mM sodium azide pior to PDT greatly 

reduced cell mortality and could prevent some protein damage (Fig. 4). Knowing that 

azide is a well-known 1O2 scavenger, we can say that singlet oxygen is at least partially 

responsible for the photosensitizing process. It is interesting to note that not all protein 

damage was prevented even with an azide:NMBN molar ratio of 4000:1. Indeed, Kim et 

al. showed that the enzyme activity of isocitrate dehydrogenase decreased to 20% after 

treatment with 2 µM Rose Bengal (RB) and light, but was restored to only about 60% 

when the enzyme was photosensitized in the presence of 50 mM sodium azide, an 

azide:RB molar ratio of 25000:1 (KIM et al. 2004). Even if the authors did not discuss 

this result, it is logical to suggest that azide cannot scavenge 1O2 generated by a tightly 

protein-bound photosensitizer. As expected, the addition of 50 mM mannitol did not 

prevent either cell death or protein damage (Fig. 3), further indicating that ·OH is not 

the reactive species responsible for the photosensitizing effect of NMBN. 

 As a final remark, it should always be borne in mind that PDT-induced cell 

death is a complex process, also involving the oxidation of biomolecules other than 

proteins. As an example, peroxidation of membrane lipids by singlet oxygen produces 

4-hydroxynonenal (HNE) (NAGAOKA et al. 2005). HNE covalently attaches itself to 

proteins by reacting with Cys, His and Lys residues (NAGAOKA et al. 2005, 

NADKARNI and SAYRE 1995), further complicating proteomic analyses. For 

instance, treatment of GAPDH (Fig 2, spot 1a and 1b) with HNE results in decreased 

enzyme activity and loss of Cys, His, and Lys residues upon amino acid analysis 

(UCHIDA and STADTMAN 1993). Given the loss of His and Lys residues, it would be 

expected that HNE-modified proteins would become more acidic. Indeed, incubation of 

low-density lipoprotein (LDL) with HNE causes an increased negative charge of the 



LDL molecule resulting mainly from Lys modification by the peroxidation product 

(JÜRGENS et al. 1986). 

 

5. CONCLUSION 

 Photodynamic treatment with NMBN has great impact on the C. albicans 

proteome. Some proteins display an acidic shift upon isoelectric focusing that is 

fluence-dependent while others show no pI change at all. We conclude that protein 

damage during PDT is protein-specific and speculate that it might arise from different 

binding affinities for the photosensitizer and from the degree of exposure of 

photooxidizable residues on the protein surface. 
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