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Abstract (within 300 words)

Aims

To examine the antifungal action of photocombination treatment with ferulic acid (FA) and

ultraviolet-A (UV-A) light (wavelength, 365 nm) by investigating associated changes in cellular

functions of Saccharomyces cerevisiae.

Methods and Results

When pre-incubation of yeast cells with FA was extended from 0.5 to 10 min, its

photofungicidal activity increased. Flow cytometry analysis of stained live and dead cells

revealed that 10-min UV-A exposure combined with FA (1 mg ml™") induced a ~ 99.9% decrease

in cell viability although maintaining cell membrane integrity when compared with

pre-exposure samples. When morphological and biochemical analysis were performed, treated
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cells exhibited an intact cell surface and oxidative DNA damage similar to control cells.

Photocombination treatment induced cellular proteins oxidation, as shown by 2.3-fold

increasing in immunostaining levels of ~49-kDa carbonylated proteins compared with

pre-irradiation samples. Pyruvate kinase 1 (PK1) was identified by proteomics analysis as a

candidate protein whose levels was affected by photocombination treatment. Moreover,

intracellular ATP levels decreased following FA treatment both in darkness and with UV-A

irradiation, thus suggesting a possible FA-induced delay in cell growth.

Conclusions

FA functions within the cytoplasmic membrane; addition of UV-A exposure induces increased

oxidative modifications of cytosolic proteins such as PK1, which functions in ATP generation,

without causing detectable genotoxicity, thus triggering inactivation of yeast cells.

Significance and Impact of Study

Microbial contamination is a serious problem that diminishes the quality of fruits and vegetables.

Combining light exposure with food-grade phenolic acids such as FA is a promising disinfection

technology for applications in agriculture and food processing. However, the mode of

photofungicidal action of FA with UV-A light remains unclear. This study is the first to

elucidate the mechanism using S. cerevisiae. Moreover, proteomics analyses identified a

specific cytosolic protein, PK1, which is oxidatively modified by photocombination treatment.
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Introduction

Ferulic acid (FA) is an abundant phytochemical phenolic acid present in plants such as

bamboo shoots, red cabbage, oranges, rice, and wheat (Kumar and Pruthi 2014). Research

indicates that FA forms ester and amide cross-links with a wide variety of natural products. FA

form ester cross-links with polysaccharides and cell wall lignin (Rosazza et al. 1995). FA also

exhibits potential therapeutic antioxidant, hepatoprotective, cholesterol-lowering, and

anti-inflammatory activities (Paiva et al. 2013). In addition, FA has antimicrobial activity,

although it is relatively weak, with reported minimum inhibitory concentrations of >1 mg ml!

for bacteria and fungi (yeasts and filamentous fungi) (Zabka and Pavela 2013; Shirai e al.

2017).

Studies have shown that the antimicrobial activity of FA increases markedly when used in

combination with ultraviolet-A (UV-A) light (315-400 nm) irradiation. Many reports have

described similar bactericidal synergism of naturally occurring phenolic acids such as coumaric

acid, caffeic acid (CaA), and gallic acid when combined with UV-A light irradiation at

wavelengths from 365 to 400 nm (Nakamura ef al. 2012; Nakamura ef al. 2015; Cossu et al.

2016; Nakamura et al. 2017; Shirai et al. 2017; de Oliveira et al. 2021). Such photodynamic

antimicrobial chemotherapy (PACT) approaches combine non-toxic photosensitizers with
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irradiation in the light-emitting wavelength range appropriate for photoexcitation reactions.

Reactive oxygen species (ROS), including H>O, and hydroxyl radical, are involved in the

synergistic antimicrobial activity of phenolic acids. Chemical assays using colorimetric methods

and electron spin resonance have confirmed the generation of ROS after exposure of phenolic

acid solutions to UV-A irradiation. These ROS are responsible for the photobactericidal activity,

as evidenced by reductions in activity in the presence of ROS quenchers (Nakamura ef al. 2012;

Shirai et al. 2015). PACT using natural compounds that differ from synthetic organic

compounds in conjunction with light fits the ‘clean green technology concept’ and is a

potentially promising approach for effectively killing pathogenic and spoilage microorganisms

in the fields of agriculture and food processing.

Applications of the polyphenolic compound curcumin (diferuloyl methane; a non-toxic

natural dye extracted from plants), whose structure closely resembles an FA dimer, have been

extensively studied. The antimicrobial activity is enhanced under visible light (400-500 nm)

irradiation and affects a number of microorganisms, including various bacteria and fungi

(Dovigo et al. 2011; Jiang et al. 2014; Temba et al. 2016). The mechanism of action reportedly

involves disruption of the cell wall, cytoplasmic membrane, and mitochondrial membrane

potential, in addition to nuclear fragmentation and defects in the ergosterol biosynthesis

pathway, induced by increased curcumin-mediated intracellular ROS accumulation (Jiang et al.
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2014; Kumar et al. 2014; Wei et al. 2021).

de Oliveira et al. (2021) conducted screening assays for bactericidal synergism of

treatments combining phenolic acids with UV-A light irradiation of Escherichia coli O157:H7.

Only a few studies examining the mode of photoantimicrobial action of phenolic acids,

including FA, have been reported (Nakamura et al. 2012; Nakamura et al. 2015; Nakamura et al.

2017; Shirai and Yasutomo 2019). We previously demonstrated that the photobactericidal

mechanism of UV-A light in the presence of FA involves increased oxidative modifications and

subsequent disruption of the bacterial membrane in E. coli without detectable genotoxicity

(Shirai and Yasutomo 2019). In contrast, data regarding the synergistic fungicidal activity of

phenolic acids elicited by light exposure remain poor.

Mycotoxin-producing fungi that contaminate food can cause serious human mycoses and

therefore represent a serious problem in the food industry (Bernardi et al. 2018). Food-spoilage

yeasts such as the genera Saccharomyces and Zygosaccharomyces are primarily responsible for

the deterioration of fresh and stored fruits and vegetables and of products made from fruits and

vegetables by causing softening, formation of off-flavors and off-odors, and undesirable ethanol

fermentation (Krisch et al. 2016). Although the photoantifungal efficiency of FA has been

investigated against four fungi, including S. cerevisiae (Shirai et al. 2017), the mode of

photofungicidal action of phenolic acids such as FA remains unclear.
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The objective of the present research was to elucidate the mechanism of FA-mediated

fungicidal activity under UV-A light irradiation of S. cerevisiae as an experimental fungus of the

genus Saccharomyces by investigating associated changes in cellular functions. The results of

this study could aid in the development of a clean, green disinfection technology combining

UV-A light irradiation with food-grade phenolic acids such as FA for applications to eliminate

microbial contaminants in agriculture and food processing.

Materials and Methods

Chemicals

FA was purchased from the Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). An FA stock

solution was prepared at 100-fold of the assay concentration, 100 mg ml!, by dissolving the

compound in 80% dimethylsulfoxide (DMSO). e-Polylysine solution (EPL; 25%) was obtained

from JNC Corporation (Tokyo, Japan). All other experimental materials were purchased from

commercial sources.

Light source and irradiation

All antifungal activity experiments were performed using a device equipped with a UV-A
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LED (NCSUO033B; Nichia Corp., Anan, Japan), which emits in the range 360 to 370 nm, with a

365-nm peak wavelength, as described previously (Shirai et al. 2014). The irradiance was

adjusted to 4.77 mW cm™ by changing the distance of the sample from the LED and measured

according to a previous method (Shirai et al. 2017). All assays were performed at 30 °C in an

incubator box using a suspension of yeast cells in plastic Petri dishes (90 mm x 15 mm,

Ecopetri ELS; Sansyo Co., Ltd., Tokyo, Japan). The yeast sample dish was placed on a magnetic

stirrer (to provide continuous mixing), and 4 LEDs were positioned over the dish; the total

irradiance was 19 mW c¢m™, based on an irradiance of 4.77 mW c¢m™ per LED.

Photofungicidal assay

All assays were performed with S. cerevisiae NITE Biological Resource Center (NBRC)

1136. The culture conditions were as described previously (Shirai et al. 2017). Yeast

suspensions were prepared after incubation in Sabouraud broth for 24 h at 28 °C, and cell

densities were determined by monitoring the optical density at 660 nm. Yeast suspensions were

prepared in sterile ion-exchanged water at a prescribed cell density (2-3 x 10° or x 107 colony

forming units [CFU] ml") and then transferred to plastic petri dishes. A stock solution of FA was

added to the yeast suspension by 100-fold dilution to 1 mg ml' before initiating UV-A

irradiation. Fungicidal activity against strain NBRC 1136 was determined by counting the CFU
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according to a previous report (Shirai et al. 2017). Colony counts were determined using

Sabouraud agar plates (Nissui Pharmaceutical Co. Ltd., Tokyo, Japan) after incubation for 72 h

at 28 °C. For samples exposed to UV-A irradiation alone (without FA) and control samples

(absence of both FA and irradiation), DMSO was added to a final concentration of 0.8% instead

of FA.

Photofungicidal assay against yeast cells pre-incubated with FA

Photofungicidal activity following FA pretreatment was investigated using a modification of

a previously published method (Shirai and Yasutomo 2019). A 5-min light exposure was

performed after the yeast suspensions (2-3x10° CFU ml") including FA (1 mg ml') were

incubated for 0.5, 2, 5, or 10 min with stirring. Yeast viability was then measured as described

above.

Staining assay for flow cytometry

Changes in membrane permeability were assessed using Cyto 9 and propidium iodide (PI)

staining (Live/Dead Fungalight Yeast Viability and Counting kit; Thermo Fisher Scientific Inc.,

Waltham, MA, USA) according to a previously described method with some modifications

(Berney et al. 2006). Yeast cell suspensions (2-3 x 107 CFU ml™') were treated with FA at 1 mg
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ml! and irradiated for 5 and 10 min. An aliquot (1 ml) of each sample was then centrifuged to

pellet the yeast cells (6500g, 3 min, 20 °C), and the resulting cell pellet was washed twice with

Dulbecco’s phosphate-buffered saline (D-PBS[—], abbreviated hereafter as PBS; Nacalai Tesque,

Inc., Kyoto, Japan) and then resuspended in PBS. After dual staining with Cyto 9 and Pl at 1 pl

ml! each for 15 min at 37 °C, the stained cells were analyzed using a FACS Verse (Becton

Dickinson, Franklin Lakes, NJ, USA) flow cytometer. Simultaneously, fungal viability after

each treatment was assayed as described above. Assay samples included cells treated with UV-A

alone, FA alone, and EPL (100 mg 1), and the samples were also analyzed after staining

according to the method described above.

The proportion of damaged or dead cells (permeable to PI) was expressed as the percentage

per 10,000 cells counted. The number of viable cells was determined using the colony counting

method described above.

Scanning electron microscopy (SEM)

Suspensions of yeast cells (2-3 x 10" CFU ml") were treated with FA (1 mg ml™'), UV-A

irradiation, a combination of the two, or EPL (100 mg 17'). All treatments lasted 10 min.

Processing of the treated cells and SEM observation using a S-4700 (Hitachi Ltd., Tokyo, Japan)

were performed as described previously (Shirai et al. 2009).

10
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Measurement of DNA oxidation

An aliquot (1 ml) of yeast cells treated as described in the section “Staining assay for flow

cytometry” was washed twice with PBS and centrifuged to obtain a cell pellet. Cell lysis and

DNA purification were carried out using a NucleoSpin Microbial DNA kit (Takara Bio Inc.,

Shiga, Japan) according to the manufacturer’s protocol. Oxidation of purified DNA (9 pg 150

ul'") was quantified using a competitive enzyme-linked immunosorbent assay kit (Highly

Sensitive 8-OHdG Check; Japan Institute for the Control of Aging, Nikken SEIL Corp.,

Shizuoka, Japan) as described previously (Shirai et al. 2014).

Immunodetection of carbonylated proteins

Yeast cells treated with a combination of FA (1 mg ml™") and UV-A light exposure (3 and 10

min) were collected as described in the section “Staining assay for flow cytometry” and lysed

using Y-PER Yeast Protein Extraction Reagent (Thermo Fisher Scientific Inc.). The lysate was

centrifuged (12,000g, 10 min, 20 °C), and the concentration of protein in the supernatant was

measured using a Pierce BCA Protein Assay kit (Thermo Fisher Scientific Inc.). The sample was

then adjusted to a protein concentration of 824 ug ml! in 6% SDS solution and denatured.

Carbonylated proteins were immunodetected using an OxyBlot Protein Oxidation Detection

11
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kit (Merck KGaA, Darmstadt, Germany) according to a previously described method (Qin ef al.

2011) and the manufacturer’s protocol. Carbonylated protein in the denatured protein sample (5

ug) was derivatized to 2,4-dinitrophenylhydrazone (DNP). The modified proteins (5 pg 20 ul')

were separated by 12% SDS-PAGE (Mini-protean TGX Gels; Bio-Rad Laboratories, Inc., Irvine,

CA, USA) and transferred onto a PVDF membrane (Immobilon-P; Merck KGaA) using a

blotting system (WSE-4020; ATTO Corp., Tokyo, Japan). Modified proteins were detected

using anti-DNP antibodies and visualized using a chemiluminescence detection kit (Immobilon

Western Chemiluminescent HRP Substrate, Merck KGaA). The luminescence intensity of each

band was recorded using a LuminoGraph (WSE-6100H-CS; ATTO Corp.).

In-gel digestion, mass spectrometry, and database searching

In-gel digestion was carried out according to a previously described method with some

modifications (Qin et al. 2011). Following combined treatment of yeast cells with FA (1 mg

ml") and UV-A exposure, the protein solution was prepared in the same manner described

above. Protein samples prepared to a protein concentration of 12 pg ul' after reaction with

SDS-PAGE sample buffer (Sample Buffer Solution with Reducing Reagent [6x] for

SDS-PAGE; Nacalai Tesque, Inc.) for 5 min at 95 °C were separated by 12% SDS PAGE

(Mini-protean TGX Gels; Bio-Rad Laboratories, Inc.). To monitor sample loading, Coomassie

12
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Brilliant Blue (CBB) R-250 (Quick-CBB; FUJIFILM Wako Pure Chemical Corp.) was used to

stain the proteins in the SDS gel. A protein band of approximately 50.8 kDa was observed and

manually excised from the gel and destained with 25 mmol 1" NHsHCO; in 50% (v/v)

acetonitrile (AN) solution for 10 min, and this procedure was repeated until destaining was

sufficient. The gel piece was dehydrated in AN, completely dried in a vacuum centrifuge

(MV-100; TOMY SEIKO Co., Ltd., Tokyo, Japan), and treated with reducing agent (10 mmol I"!

dithiothreitol in 25 mmol 1" NHsHCOs) prior to subsequent treatment with alkylating agent (55

mmol I iodoacetamide in 25 mmol 1" NHsHCOs). After washing twice with 25 mmol I'!

NH4HCO;3, the gel piece was immersed in 25 mmol 1! NHsHCOs in 50% (v/v) AN, and the

solution was replaced with 100% AN. After the sample was completely dried in a vacuum

centrifuge, enzymatic digestion was performed by addition of 30 pl of trypsin solution (20 ng

ul™t in 25 mmol I NHsHCO:s). The digestion reaction was carried out overnight at 37 °C, after

which the excess trypsin solution was removed, and 25 mmol 1! NHsHCO; was added. Digested

peptides were extracted by three changes of 0.1% trifluoroacetic acid in 50% AN and

concentrated to a volume of approximately 25 pl using a vacuum centrifuge. After desalting

using a ZipTip C18 (Merck KGaA), the solution was subjected to MALDI-TOF mass

spectrometry analysis (Autoflex speed-TK; Bruker Japan K.K., Kanagawa, Japan).

For database searching, the generated peak lists were uploaded to the MASCOT Peptide

13
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Mass Fingerprint program on the Matrix Science (London, U.K.) public website

(http://www.matrixscience.com) and searched against SwissProt databases with a taxonomy

restriction of ‘Saccharomyces cerevisiae (baker’s yeast)’. Trypsin was selected as the proteolytic

enzyme, and one missed cleavage was permitted. Carbamidomethylation (C) of cysteine was

selected as a fixed modification. The peptide mass tolerance, mass of the charge carrier, and

mass value were set to £150 ppm, MH", and monoisotopic, respectively.

Intracellular ATP content measurement and growth curve determination

Following a 2-min pre-incubation of yeast cells (approximately 2-3x10° CFU ml™") after

addition of FA (1 mg ml"), cells were irradiated with UV-A light for 3 min. The intracellular

ATP content was determined using a Luciferin/luciferase kit (Lucifell AT100; Kikkoman

Biochemifa Company, Chiba, Japan) according to the manufacturer’s protocol. Intracellular ATP

was extracted using an ATP-releasing reagent in a 10-s reaction after decomposition of

extracellular ATP using an ATP-eliminating reagent in a 30-min reaction. Simultaneously,

samples treated with FA alone (without light), with light exposure alone, and with neither FA

nor light (as a control) for 3 min were also analyzed as described above. These samples were

also pre-incubated for 2 min before treatment under each condition. Cell viability was

determined by counting CFU.

14
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An aliquot (0.05 ml) of a suspension of yeast cells treated under each of the above

conditions was mixed with 0.05 ml of sterile water followed by 0.1 ml of Sabouraud liquid

broth prepared at a 2-fold concentration containing 0.005% (w/v) Tween 80 (FUJIFILM Wako

Pure Chemical Corp.) in a 96-well culture plate (Corning Inc., New York, NY, USA). The

culture plate was subsequently sealed with sealing tape (Thermo Fisher Scientific Inc.). Yeast

growth in each well was monitored at an optical density at 650 nm (ODsso) every 5 min at 28 °C

using a plate reader (Multiskan FC 3.1; Thermo Fisher Scientific, Inc.) as described previously

(Shirai and Yasutomo 2019). The incubation time required to reach a value of 0.25 (ODgso) was

derived from a regression line during the logarithmic growth phase for each sample.

Statistical analysis

All experiments were independently repeated three or four times, and the results are

presented as the mean with standard deviation. Statistical analyses were performed using either

the two-tailed, unpaired Student's #-test (Microsoft Excel 365; Microsoft Corp., Redmond, WA,

USA) or one-way analysis of variance (ANOVA) followed by the Tukey-Kramer honest

significance difference test for multiple comparisons using Excel Tokei ver. 7.0 software (Esumi

Co., Ltd., Tokyo, Japan). P values < 0.05 were considered significant.
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Results

Photoantifungal effect against yeast cells pre-incubated with FA

As the time of pre-incubation of yeast cells with FA (1 mg ml") was extended from 0.5 to 5

min, 5-min UV-A exposure yielded a greater reduction in viable cell count (Fig. 1). For a

0.5-min pre-incubation, irradiation resulted in a 0.6-log reduction in viability compared with the

initial cell count. By comparison, much stronger synergistic photofungicidal activity was

observed in samples pre-incubated for 10 min, with a 1.7-log reduction in viable cell count. The

following results in particular supported a synergistic effect between FA and UV-A (Fig. S1):

yeast cells treated with FA in the absence of UV-A or cells treated with UV-A irradiation only

for 10 min exhibited negligible decreases in viability. Following pre-incubation with FA for 5

min, UV-A exposure at an irradiance of 19 mW ¢m™ produced a decrease in viability dependent

on irradiation time.

Analyses of membrane integrity and SEM investigation of yeast cells

The combination of FA (1 mg ml") and UV-A irradiation (5 and 10 min) elicited significant

photofungicidal activity, as measured by viable cell count compared with the initial count on the

order of 107 cells, leading to a 99.8% reduction in viability for a 10-min treatment (Fig. 2A).

16
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Additionally, treatment with EPL (100 mg I'") for 5 or 10 min produced a significant decrease in

viability relative to the initial cell count. The reduction in viability after 5 min was almost the

same as that observed with combination treatment. Although the survival data obtained with

UV-A or FA treatment alone are not shown in the figure, it can be assumed there was no

significant change in viability, based on the results shown in Figure S1.

The percentage of damaged or dead cells (Pl-stained cells) following each treatment is

shown in Figures 2B, 2C, and S2. Although combination treatment with a 10-min light exposure

increased the number of Pl-stained cells by 19%, the treatment did not provide a significant

change in the percentage of Pl-stained cells compared with the sample before irradiation (0 min).

Similarly, there was no significant change in the proportion of Pl-stained cells among cells

treated with FA alone (in the dark) or cells treated with UV-A alone for the same interval (Fig.

S2). In contrast, a clear increase in the proportion of Pl-stained cells from 16% to 80% was

observed in samples treated with EPL for 10 min compared with the 0-min sample (Fig. 2C).

The tendency differed significantly from that of samples treated with the combination.

SEM analyses confirmed the photofungicidal action of combined treatment with FA (1 mg

ml ) and 10-min UV-A irradiation. Yeast cells exhibited a comparatively smooth surface after

incubation with 0.8% DMSO as a control (without FA and UV-A) and the combination of FA

and UV-A treatment, as shown in Figure 2D and E. Cells treated with FA or UV-A irradiation

17
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alone also exhibited the same intact morphology as control cells (data not shown). In contrast,

cells treated with EPL for the same time exhibited damage, with apparent collapse of the cell

surface (Fig. 2F).

DNA oxidation

DNA damage was assessed by monitoring the formation of 8-hydroxydeoxyguanosine

(8-OHdG), a marker of DNA oxidation, using cells subjected to each treatment for 10 min (Fig.

3). A total of 1.13 ng ml'! of 8-OHdG was detected in the control sample (treated in the dark),

whereas an 8-OHdG concentration of 0.99 ng ml' was detected in cells treated with UV-A

irradiation alone and 1.14 ng ml' was detected in cells treated with FA alone. The 8-OHdG

concentration was 1.18 ng ml! in cells treated with combination of FA and UV-A. Therefore,

the amount of 8-OHdG formed with the different treatments was almost the same. Data

regarding viability after the 10-min combination treatment are shown in Figure 2A.

Carbonylation-related damage of cellular proteins and identification of oxidized proteins

To assess carbonylation-related damage of yeast proteins resulting from oxidative reactions,

immunoblot analyses were performed using proteins derived from yeast cells treated with FA (1

mg ml') and UV-A for 3, 5, and 10 min (Fig. 4A). A few protein bands were immunodetected in

18
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samples from 3- and 5-min irradiations, but the pattern changed in samples irradiated for 10

min; in particular, the overall intensity of the bands decreased. Notably, a reproducibly observed

band of approximately 49 kDa was detected, and the intensity of the band increased as the

UV-A treatment time extended to 5 min. The other two bands detected, approximately 29 and

37 kDa, did not exhibit reproducible increases in the band intensity during 5-min irradiation in

four experiments. Figure 4B shows the 49-kDa band intensity for each exposure time, expressed

as arbitrary units (a.u.) of mean luminescence normalized to the intensity of samples before

UV-A irradiation (0 min). As shown in the figure, combination treatment for only 3 min induced

oxidative carbonylation of yeast cell proteins that resulted in a significant 2.0-fold increase in

luminescence, and with the 5-min irradiation (causing a 95% reduction in viability; Fig. 2A), the

luminescence increased more than 2.3-fold relative to the O-min samples. However, a

non-significant 1.1-fold increase compared with samples before irradiation was observed with

samples irradiated for 10 min. On the other hand, any significant increase in the 49-kDa band of

carbonylated proteins immunodetected in cells irradiated with UV-A only was difficult to

determine based on the minimal change in luminescence (Fig. S3).

Proteins derived from yeast cells treated with the combination of FA and UV-A irradiation

were separated by 12% SDS-PAGE followed by CBB staining of the gel (Fig. 4C). As indicated

by the box in Figure 4C, a band of 50.8 kDa was detected in samples from cells treated with a

19



343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

3-min irradiation. As the molecular mass of this band was close to that of the 49-kDa band

detected by immunostaining, it was excised from the gel and subjected to in-gel trypsin

digestion, followed by MALDI-TOF MS and database searching using MASCOT Peptide Mass

Fingerprint. The protein was identified as PK1 (54.9 kDa) based on high sequence coverage and

multiple peptide matches (Tables S1 and S2); the mass spectrum is shown in Figure S4.

Effect of FA treatment on intracellular ATP content and cell growth

Figure 5A shows that 3-min treatment of yeast cells with UV-A irradiation alone, FA alone,

or combination of FA and UV-A irradiation induced negligible changes in viable cell count

compared to treatment without UV-A and FA (control). Figure 5B shows that treatment with FA

alone and in combination with UV-A decreased the ATP content to 0.79 + 0.06 and 0.80 = 0.09

nmol 1!, respectively, corresponding to approximately 77% of the control level. No significant

change in ATP content was observed in the sample only irradiated with UV-A as compared to

the control.

No differences in growth profiles were observed between the control and UV-A—irradiated

samples (Fig. S5A). The culture turbidity of yeast cells treated with FA alone or FA combined

with irradiation differed markedly from that of control cells or cells treated with irradiation

alone, indicating an extension of the lag phase prior to logarithmic growth, namely, a growth
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delay occurred (Fig. S5B). However, after 70 h of cultivation, the turbidity of all samples

reached approximately 1.2 ODgso. As the ODsso values were >0.1, the values were plotted on a

logarithmic scale in Fig. S5C and D. As shown in Table 1, FA treatment in both the absence and

presence of UV-A irradiation significantly delayed growth (i.e., time required to reach 0.25

ODgs0): 40.34 + 1.20 h without irradiation and 39.91 + 0.71 h with irradiation, compared with

the time for control and UV-A samples.

Discussion

In this study, we examined the antifungal mechanism of combined treatment with UV-A

irradiation and FA, a type of phenolic acid, using S. cerevisiae. The photofungicidal effect of the

FA and UV-A combination against Saccharomyces sp. was similar to the bactericidal efficacy

against E. coli dependent on UV-A light fluence (Shirai et al. 2017). Previous studies examining

photobactericidal activity against E. coli and Staphylococcus aureus found that adsorption of

phenolic acids onto the cell surface and their subsequent incorporation into the bacterial

membrane plays an important role in mediating the bactericidal effect (Nakamura et al. 2015;

Shirai and Yasutomo 2019).

The photofungicidal activity of phenolic acids such as FA is thought to involve oxidative

damage of the cell wall, cytoplasmic membrane, or organelles based on the generation of
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oxidants such as H,O, and hydroxyl radicals due to reaction between the compounds and light

(Nakamura et al. 2015; Shirai et al. 2015; Nakamura et al. 2017). Indeed, addition of catalase

and DMSO, which quench ROS, decreased the bactericidal activity of FA and gallic acid,

respectively, upon light exposure (Nakamura et al. 2012; Shirai et al. 2015).

The present study observed the generation of H,O, and hydroxyl radicals in FA solution

following irradiation, providing clear evidence of FA-mediated ROS production (see Supporting

Information Data S1, and Figs. S6 and S7). Inactivation of yeast cells treated with FA under

irradiation was diminished dramatically in 10% (v/v) DMSO, a well-known scavenger of

hydroxyl radicals (Fig. S8). The generation of hydroxyl radicals via photoreactions at the

surface or in the interior of yeast cells is thought to affect fungicidal activity due to their high

reactivity, as they have a short half-life (estimated ~10~° s) and very short diffusion distance

(estimated ~6 nm) (Roots and Okada 1975; Cheng et al. 2002). The enhancement of

photofungicidal activity by extending the pretreatment time of yeast cells with FA suggests that

the adsorption of FA to the cell wall and subsequent incorporation into the cytoplasmic

membrane plays an important role in the fungicidal effect in conjunction with the oxidative

effects of ROS within the cells.

FA induces an increase in the efflux of intracellular ions such as potassium and phosphate,

suggesting that it affects the permeability of the bacterial membrane (Campos et al. 2009). A
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study in E. coli using flow cytometry analysis of cells stained with PI, which can penetrate

damaged cell membranes, revealed that the bactericidal mechanism of FA treatment with UV-A

irradiation involves a loss of membrane integrity (Shirai and Yasutomo 2019). The antimicrobial

action of the polyphenolic compound curcumin also involves an association with the cell

membrane. In another study, when the growth of Candida cells treated with curcumin without

light irradiation was reduced by 80%, the uptake of PI and morphological changes provided

evidence of damage to the cell surface (Kumar et al. 2014). In the PACT study of Botrytis

cinerea conidia, a relative increase in intracellular PI levels was induced by applying curcumin

to the conidia (Wei et al. 2021). However, an investigation of membrane integrity in the present

study indicated that cells remained impermeable to PI, even though combination treatment

produced a 99.8% reduction in viability. SEM micrographs did not show evidence of major

changes on the cell surface. The cationic peptide EPL, a lysine polymer, adsorbs to the bacterial

cell membrane due to the molecule’s specific electric charge and promotes cell death by

destabilizing the membrane (Hyldgaard et al. 2014). This compound was employed as a positive

control that causes membrane disruption. The percentage of cells that took up PI after treatment

with EPL increased to 80% in response to the antifungal activity, suggesting that the integrity of

the cell membrane was compromised, as indicated by SEM micrographs showing collapsed

cells. Therefore, damage to the cell wall or cytoplasmic membrane does not appear to be the
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primary fungicidal mechanism of the combination treatment. Moreover, it was presumed that

the photofungicidal mechanism differs from the antimicrobial mechanism of photo-activated

curcumin, which compromises membrane integrity.

Combination treatment using CaA as an FA analogue in conjunction with light irradiation,

which can reduce E. coli or S. aureus viability 5 logs or more, induced the formation of

8-OHdG, which is indicative of DNA oxidation in the cells (Nakamura ef al. 2015). In another

study, by contrast, UV-A irradiation of E. coli in combination with FA treatment did not result in

significant DNA oxidation under conditions yielding a 4.8-log reduction in viability (Shirai and

Yasutomo 2019). Combination treatment resulting in a 99.8% reduction in S. cerevisiae viability

was not associated with an increase in DNA oxidation, and the tendency (i.e., a detectable, but

non-significant change in 8-OHdG formation compared with untreated cells) was similar to that

observed with E. coli. Therefore, adequate disinfection does not result from oxidative DNA

damage, which suggests that the photofungicidal system employing FA exhibits low

genotoxicity. These results suggest that the photofungicidal effects of FA take place before

dysregulation of membrane permeability and DNA oxidation occur.

Exposure of E. coli cells to lethal UV-A fluence in the logarithmic growth phase generates

proteins that are carbonylated due to oxidative modification (Hoerter ef al. 2005). In contrast,

immunostaining after exposure of cells to sublethal UV-A fluence revealed lower total
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carbonylated protein formation as compared with lethal UV-A irradiation. To elucidate the role

of protein oxidation in the observed reduction in viability of S. cerevisiae cells subjected to the

combination of FA and UV-A, carbonylated proteins were examined by immunodetection

followed by proteomics analysis. A significant band of approximately 49 kDa was detected in

samples of cells irradiated for up to 5 min in the presence of FA, suggesting that protein

oxidation could be associated with the combination-mediated inactivation, which resulted in a

95% reduction in viability. The combination treatment decreased the relative intensity levels of

proteins detected by immunoblotting and CBB staining of samples from cells subjected to 10

min and 5 min of irradiation, respectively. This result could have been due to smearing of

protein bands, which is a consequence of covalent cross-linking of proteins, and protein

aggregation or fragmentation caused by the excessive oxidation responsible for protein

carbonylation (Bosshard ez al. 2010). Treatment of E. coli cells with high UV-A fluence caused

the protein bands to smear in immunoblotting and CBB staining. Our supplemental data show

that immunodetection of protein damage in yeast cells resulting from excessive oxidative stress

decreased with exposure to increasing concentrations of H,O, (Fig. S9).

Proteomics analysis of a notable carbonylated protein of ~49 kDa (50.8 kDa by CBB

staining of the SDS-PAGE gel) revealed that the protein was a good match to PK1 (54.9 kDa).

We hypothesize that this protein is a major target of oxidative stress induced by the combination
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of FA and UV-A. The cytosolic enzyme PK1 catalyzes the final step in the glycolysis pathway,

producing the second of two ATP molecules generated in the pathway (Jurica et al. 1998;

Enriqueta Mufloz and Ponce 2003). Regulation of the catalytic function of PK1 is important for

controlling the levels of ATP, GTP, and glycolytic intermediates such as pyruvate in the cell

(Jurica et al. 1998). ATP is a vital molecule required in many biological processes, including

survival, growth, and replication (Mempin et al. 2013). Moreover, intracellular ATP depletion

may cause dysfunction of ATP-dependent chaperones, which repair protein misfolding and

aggregation. In our study, the ATP content in yeast cells after FA/UV-A photocombination

treatment for 3 min decreased to approximately 77% of the control level, despite no significant

reduction in viability. Interestingly, treatment with FA alone decreased the ATP content as much

as was observed with combination treatment.

Compared with non-irradiated cells, E. coli cells subjected to sublethal UV-A fluence

exhibited delayed growth (Hoerter et al. 2005). This growth delay could be attributed to a

reduction in the ATP content in the cells caused by protein aggregation or fragmentation after

UV-A irradiation, as MS/MS analyses found that many such damaged proteins function in

glycolysis and the TCA cycle (Bosshard ef al. 2010). To verify the effect of reduced ATP levels

on biological function, the growth of yeast cells was evaluated. FA-treated cells exhibited

delayed growth, which was observed regardless of whether the cells were treated in the dark or
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with irradiation. A close relationship was found between ATP content and growth rate. However,

ATP depletion had a minimal effect on the final turbidity and CFU count.

With regard to the changes in cellular function, FA accumulating intracellularly due to

adsorption to the cell surface and subsequent translocation across the cytoplasmic membrane

could interact with cytosolic proteins such as PK1, thus inducing moderate dysfunction of PK1

and a subsequent decrease in intracellular ATP content, leading to the observed delay in growth

that preceded inactivation. Results demonstrating that extending the time of pre-incubation with

FA enhanced the photofungicidal activity could reflect the accumulation of FA and dysfunction

of PK1, from which it is difficult for cells to recover. As shown by the photofungicidal profile,

>5-min UV-A irradiation following FA treatment significantly decreased the viable cell count.

This result suggests that internally generated ROS resulting from the photoreaction of FA induce

irreversible oxidative damage of cytosolic proteins, including PK1, triggering further ATP

depletion and ultimately inactivation of the cell. This could be explained by the association

between the dependence of total UV-A fluence on exposure time and the amount of ROS

generated to completely disrupt the function of cellular proteins. Quantitative analysis using

electron spin resonance (ESR) spectrometry revealed that the yield of ROS generated by

385-nm UV-A irradiation of CaA depends on the fluence (Nakamura et al. 2017). In future

studies, it will be necessary to assess whether oxidative stress induced by combinations of FA
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and UV-A suppresses PK1 activity. The mechanism of action could extend to the membrane and

proteins related to the mitochondrial respiratory chain that mediates ATP synthesis, based on

results showing that treatment with curcumin or exogenous H,O; exhibiting fungicidal activity

associated with oxidative effects induced a collapse of the mitochondrial membrane potential in

fungal spores (Qin et al. 2011; Wei et al. 2021).

In conclusion, the results of this study demonstrate the photofungicidal mechanism of

combined treatment with FA and UV-A irradiation using S. cerevisiae. Our findings suggest that

interactions between FA and cytosolic proteins, including PK1, serve as the first step in the

fungicidal cascade. These interactions result from the adsorption of FA and its subsequent

permeation across the cell wall and cytoplasmic membrane into the cell. This possibility is

supported by the observed decrease in viability dependent on the time of pre-incubation with FA

and the reduction in ATP content in the presence of FA, which was associated with a markedly

reduced growth rate. Irreversible oxidation of proteins occurs in the first stage of the fungicidal

action and is caused by the formation of H,O» and hydroxyl radicals by FA-mediated reactions

under UV-A irradiation, leading to inactivation of cells. Immunoblotting and proteomics

analyses of carbonylated proteins demonstrated oxidative damage to cytosolic proteins,

including PK1, which is associated with ATP generation in the glycolysis pathway. In contrast,

no significant damage to the cell wall or cytoplasmic membrane was observed based on the
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impermeability of cells to P, the lack of morphologic evidence of damage to the cell surface by

SEM analysis, and significant oxidative damage to DNA. It is likely that the effect of FA on the

cell wall and cytoplasmic membrane of fungal cells when combined with UV-A differs from

that of the polyphenolic compound curcumin.
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Table 1 Effect of treatment with FA and UV-A irradiation on time required to reach 0.25 ODgso.

Incubation time (h)’

Incubation alone Irradiation alone FA alone FA + irradiation

25.70 £ 0.30° 2420+ 0.21* 40.34 +1.20° 39.91+0.71°

“Incubation time was derived from the regression line during the logarithmic growth phase for

each sample and is indicated as the time required to reach 0.25 ODgso (see Fig. S5). Data are

presented as the mean = SD (n=4). Different letters refer to significant differences between

groups (P <0.01; one-way ANOVA).
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Figure legends

Fig. 1. Effect of pre-incubation with FA on photofungicidal activity with a 5-min UV-A

irradiation of S. cerevisiae cells. Each cell suspension (initial density, 2-3 x 105 CFU ml") was

pre-incubated for 0.5 to 10 min, followed by irradiation at an irradiance of 19 mW c¢m™ for 5

min. Data are presented as the mean + SD (n=3). Different letters above the bars denote

significant differences between groups (P < 0.05; one-way ANOVA).

Fig. 2. Analysis of S. cerevisiae cellular functions after treatment with three indicators. Panel A

shows the inactivation level of the cells after each treatment: open circles, combination of 1 mg

ml! FA and UV-A; shaded squares, 100 mg I EPL. Panels B and C show the percentage of

Pl-stained cells among 10,000 cells treated with the combination and EPL, respectively. Data

are presented as the mean £ SD (n=3). Panels D-F show SEM images of cells after each

treatment: D, control (0.8% DMSO) for 10 min; E, combination for 10 min; F, EPL for 10 min.

All micrographs are shown at a magnification of x20,000. White scale bars represent 2 pm.

Significant differences compared to the initial for each sample (by two-tailed, unpaired #-test)

are indicated as follows: P < 0.05, **P < 0.01, and *** and """P < 0.001. ns, not significant.

Fig. 3. DNA oxidation in S. cerevisiae after each treatment. Yeast cell suspension (initial density,

37



639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

2-3 x 107 CFU ml') was treated with FA and UV-A. Data are presented as the mean + SD (n=3).

Identical letters above the bars denote no significant difference between the groups (one-way

ANOVA).

Fig. 4. Oxidative damage of proteins in S. cerevisiae treated with the combination of 1 mg ml!

FA and UV-A irradiation at an irradiance of 19 mW c¢m™: A, immunodetection of carbonylated

proteins; B, luminescence level of the band at ~49 kDa immunodetected as shown in panel A,

expressed as arbitrary units (a.u.) of mean luminescence normalized to the signal of samples

before UV-A irradiation (0 min). Data are presented as the mean + SD (n=4). Panel C shows

staining of proteins with CBB to monitor samples after combination treatment. MALDI-TOF

MS determined proteins including the band (50.8 kDa) surrounded with a box in the figure (see

Fig. S4, and Tables S1 and S2). Different letters above the bars denote significant differences

between groups (P < 0.01 and only P < 0.05 between 3- and 10-min samples; one-way

ANOVA).

Fig. 5. Effect of treatment with FA and UV-A light irradiation on ATP content in S. cerevisiae

cells. Viable cell count after each treatment is shown in panel A. The ATP content correlating

with each treatment is shown in panel B. Data are presented as the mean + SD (n=3). Different
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letters above the bars denote significant differences between groups (P < 0.05; one-way

ANOVA).

Supporting Information

The following are the Supplementary Data associated with this article: Data S1, Tables S1 and

S2, and Figures S1 to S9.

Data S1. Determination of light-generated hydrogen peroxide and hydroxyl radicals

Table S1. MALDI-TOF MS identification of S. cerevisiae proteins affected by treatment with

FA and UV-A irradiation.

Table S2. Score and matched peptides of the protein identified by MALDI-TOF MS.

Fig. S1. Time-course analysis of changes in the inactivation of S. cerevisiae after each treatment.

Initial cells were suspended at a density of 2-3 x 103 CFU ml"'. UV-A irradiance was set at 19

mW cm™?. Symbols: UV-A irradiation alone (open squares); 1 mg ml” FA alone (in the dark,

shaded circles); combination of 1 mg ml!' FA and UV-A irradiation (open circles). Data are
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presented as means + SD (n=3). Significant differences (**P < 0.01 and ***P < 0.001;

two-tailed, unpaired #-test) were determined based on comparison with initial viability.

Fig. S2. Dual-parameter dot plots of 10,000 double-stained cells (Cyto 9 and PI) evaluated by

flow cytometry after incubation for 0 min (A, upper line) or 5 min (B, lower line). Upper and

lower squares indicate PI- (damage or dead) and Cyto 9—stained cells (live), respectively. The

numbers near squares in each panel indicate the percentage of live cells and damaged or dead

cells among a total of 10,000 cells.

Fig. S3. Oxidative damage of cellular proteins in S. cerevisiae treated with UV-A alone at an

irradiance of 19 mW cm™: luminescence levels of the band at ~49 kDa (A) and of proteins (B)

immunodetected on Western blots, expressed as arbitrary units (a.u.) of mean luminescence

normalized to the signal levels of samples before UV-A irradiation (0 min). Data are presented

as the mean + SD (n=3). Identical letters above the bars indicate no significant differences

between groups (one-way ANOVA).

Fig. S4. MALDI-TOF mass spectrum of the peptide produced by in-gel tryptic digestion.
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Fig. S5. Effect of treatment with FA and UV-A irradiation on S. cerevisiae growth. Growth in

each sample was monitored by measuring the optical density at 650 nm (ODsso) in panels A and

B. As the ODgso values were >0.1, the values were plotted on a logarithmic scale in panels C and

D. Graphs show growth curves for each sample in the absence (A and C) or presence (B and D)

of FA. Lines in all figures indicate samples without (solid lines) and with (dotted lines) UV-A

irradiation. Values are presented as the mean (n=4).

Fig. S6. Concentration of H,O, generated in FA solution with and without UV-A light

irradiation. Left and right (open) bars for each treatment indicate H>O» concentration after

incubation for 30 min in the dark or UV-A exposure at an irradiance of 4.77 mW cm?,

respectively. Data are presented as means £ SD (n=3). Significant differences (***P < 0.001;

two-tailed, unpaired #-test). Cont., sample without FA; nd, not detected.

Fig. S7. Formation of 5,5-dimethyl-1-pyrroline-N-oxide (DMPO)/"OH adducts in solutions

containing phenolic acids before and after irradiation. ESR spectra of mixtures of 4.5 mmol 1!

FA and 450 mmol 1! DMPO were recorded before and after irradiation with UV-A light (4.77

mW cm?) for 3 min. The control sample consisted of 450 mmol 1" DMPO solution prepared

with pure water alone. Each figure shows the ESR spectrum for pure water (A and C) and FA (B
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and D) before (A and B) and after (C and D) irradiation. Values in the figure indicate signal

intensity of the second line of the DMPO/'OH adduct graphs (arbitrary units).

Fig. S8. Effect of DMSO on inactivation of S. cerevisiae. Conidia suspensions (initial density,

2-3 x 10° CFU ml") were exposed to UV-A irradiation at an irradiance of 19 mW ¢m™ for 10

min after addition of FA at a concentration of 1 mg ml! followed by addition of DMSO. Data

are presented as the mean = SD (n=3). ***P < 0.001; two-tailed, unpaired #-test.

Fig. S9. Oxidative damage of cellular proteins in S. cerevisiae (initial density, 2-3 x 10’ CFU

ml") treated with H,O» at a concentration of 0.02 to 0.5% for 20 min. Luminescence levels of

proteins immunodetected on Western blots, expressed as arbitrary units (a.u.) of mean

luminescence normalized to the signal levels of untreated samples. Data are presented as the

mean + SD (n=3). Different letters above the bars denote significant differences between the

groups (P < 0.05; one-way ANOVA).
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mean = SD (n=3). Different letters above the bars

denote significant differences between groups (P <
0.05; one-way ANOVA).
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monitor samples after combination treatment. MALDI-
TOF MS determined proteins including the band (50.8
kDa) surrounded with a box in the figure (see Fig. S4
and Table S1). Different letters above the bars denote
significant differences between groups (P < 0.01 and
only P < 0.05 between 3- and 10-min samples; one-
way ANOVA).
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Determination of light-generated hydrogen peroxide and hydroxyl radicals

One milliliter of FA solution (1 mg ml™") prepared with pure water (Hikari Pharmaceutical Co.,

Ltd., Tokyo, Japan) was added to a well of a 24-well culture plate (AGC Tecno Glass Co., Ltd.,

Tokyo, Japan) and irradiated at 4.77 mW cm™ for 30 min in an incubator box at 25°C.

Measurement of H,O, was conducted by a colorimetric method using xylenol orange according

to the protocol described by Nakamura et al. (2015). After reaction with xylenol orange, the

absorbance of the mixture was measured using a UV-Vis spectrophotometer (UV-1850; Shimadzu

Corp., Kyoto, Japan). The concentration of H»O, was calculated using a standard curve over a

concentration range of 0.2 to 5.0 umol I"!. The detection limit for the assay was 0.4 umol 1.

Generation of H,O; was observed in irradiated sample solutions (Fig. S6). Significantly, the

concentration of H>O, generated in FA solution, 3.05 pmol 1!, was 6.5-fold higher than that of the
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sample treated with irradiation alone (control). Furthermore, H,O, concentrations were generally

below the detection limit (0.4 umol I'") in non-irradiated samples.

Hydroxyl radicals were detected by a quick reaction with the nitrone spin trap reagent 5,5-

dimethyl-1-pyrroline-N-oxide (DMPO) using an electron spin resonance (ESR) spectrometer

(EMXPlus, Bruker Corp., Billerica, MA, USA) with an X-band cavity (ER 4103TM, Bruker

Corp.) (Finkelstein et al. 1980; Tsuda et al. 2018). The ESR spectra of reaction mixtures of 4.5

mmol 1" (0.87 mg ml"") FA and 450 mmol I'' DMPO in a quartz flat cell (250 ul) were recorded

on the apparatus before and after irradiation with UV-A light (4.77 mW c¢m™) for 3 min. Pure

water was also prepared for control samples with or without light exposure. The quartz cell was

set into the ESR spectrometer. Hyperfine coupling constants were obtained using the computer

program Winsim (version 0.96; NIEHS, NIH, Research Triangle Park, NC, USA,

https://www.niehs.nih.gov) (Duling 1994). The measurement conditions for ESR were as follows:

microwave frequency of 9.8497 GHz, microwave power of 10 mW, sweep width of 3505 + 50

gauss, modulation frequency of 100 kHz, modulation amplitude of 1.0 gauss, time constant of

164 ms, and conversion time of 230 ms.

The ESR spectra (Fig. S7) indicated that no signal was detected for pure water and the FA

solution before irradiation (panels A and B). Typical ESR signals were clearly detected in the FA

solution after UV-A light exposure compared with the irradiated control sample (panels C and D).
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The signal was determined to be an DMPO/"OH adduct, a spin adduct of the hydroxyl radical,

from the hyperfine coupling constants (a¥ = a" = 1.49 mT) (Rosen and Rauckman 1981).

Therefore, ESR analysis demonstrated the generation of hydroxyl radicals mediated by FA under

UV-A light exposure.
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Table S1 MALDI-TOF MS identification of S. cerevisiae proteins affected by treatment with FA and UV-A irradiation”.

Protein name and Expt. Mr Mascot
Accession number”” Theo. Mr (kDa)/pI** Species® ‘ NP* Expect! SC (%)M
function” (kDa)? Score’
Pyruvate kinase 1
P00549 54.9/7.59 50.8 S. cerevisiae 109 15 le-07 45
Glycolysis
Q12506 Uncharacterized protein 12.7/7.66 50.8 S. cerevisiae 52 5 0.052 75

“For details, refer to Table S2.

**Accession number from UniProt database of a matched protein.

"Protein function defined by the UniProt database.

“Theoretical molecular mass and isoelectric point based on amino acid sequence of the identified protein.
#*Experimental molecular mass and isoelectric point estimated from the SDS-PAGE gel shown in Figure 4C.
#Species of the matched protein.

$Score obtained from Mascot for each match. Mascot scores >51 are significant (P < 0.05).

$¥Number of unique peptides identified.

YExpected value.

MProtein sequence coverage.



Table S2-1 Score and matched peptides of the protein identified by MALDI-TOF MS

Mascot Score Histogram
Protein score is -10*Log(P), where P is the probability that the observed match is a random event.
Protein scores greater than 51 are significant (p<0.05).
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Protein Score

Protein View: KPYK1_YEAST
Pyruvate kinase 1 OS=Saccharomyces cerevisiae (strain ATCC 204508 / S288c) OX=559292 GN=CDC19 PE=1 SV=2
Database: SwissProt

Score: 109
Expect: 1.00E-07
Monoisotopic mass (Mr): 54909
Calculated pl: 7.56
Taxonomy: Saccharomyces cerevisiae S288C

Sequence similarity is available as an NCBI BLAST search of KPYK1_YEAST against nr.

Search parameters
Enzyme:
Trypsin: cuts C-term side of KR unless next residue is P.

Fixed modifications: Carbamidomethyl (C)
Mass values searched: 79
Mass values matched: 15

Protein sequence coverage: 45%
Matched peptides shown in bold red .

1 MSRLERLTSL NVVAGSDLRR TSIIGTIGPK  TNNPETLVAL RKAGLNIVRM
51 NFSHGSYEYH KSVIDNARKS EELYPGRPLA IALDTKGPEI RTGTTTNDVD



101 YPIPPNHEMI
151 SFQVLEVVDD

FTTDDKYAKA CDDKIMYVDY
KTLKVKALNA GKICSHKGVN

201 FGVKNGVHMV FASFIRTAND VLTIREVLGE
251 DEILKVTDGV MVARGDLGIE IPAPEVLAVQ
301 LESMTYNPRP TRAEVSDVGN AILDGADCVM
351 TAVIAEQAIA  YLPNYDDMRN CTPKPTSTTE
401 LSTSGTTPRL VSKYRPNCPI ILVTRCPRAA
451 DWTDDVEARI NFGIEKAKEF GILKKGDTYV
Start - End Observed
7 - 20 1500.8374
20 - 30 1142.6994
31 - 41 1227.6765
31 - 42 1355.7551
42 — 49 870.5316
69 — 86 2001.0642
92 — 119 3184.8682
217 — 225 1002.5642
241 — 264 2689.4215
287 — 312 2935.6587
313 — 337 2522.3599
397 — 409 1315.7586
414 — 425 1501.8166
432 — 437 822.393
438 — 459 2569.2564
ID KPYK1_YEAST Reviewed; 500 AA.

AC
DT
DT
DT
DE
DE
DE
DE
GN
oS
ocC
oC
OX

P00549; D6VPHS; Q2VQG5;

21-JUL-1986, integrated into UniProtkKB/Swiss-Prot.
01-JUL-1989, sequence version 2.

07-APR-2021, entry version 216.

RecName: Full=Pyruvate kinase 1;

Short=PK 1;

EC=2.7.1.40 {ECO:0000269|PubMed:10413488};
AltName: Full=cell division cycle protein 19;
Name=CDC19; Synonyms=PYK1; OrderedLocusNames=YALO38W;
Saccharomyces cerevisiae (strain ATCC 204508 / S288c) (Baker's yeast).
Eukaryota; Fungi; Dikarya; Ascomycota; Saccharomycotina; Saccharomycetes;
Saccharomycetales; Saccharomycetaceae; Saccharomyces.

NCBI_TaxID=559292;

KNITKVISAG RIIYVDDGVL

LPGTDVDLPA LSEKDKEDLR
QGKDVKIIVK IENQQGVNNF
KKLIAKSNLA GKPVICATQM
LSGETAKGNY PINAVTTMAE
TVAASAVAAV FEQKAKAIIV

RFSHLYRGVF PFVFEKEPVS
SIQGFKAGAG HSNTLQVSTV

Mr(expt) Mr(calc)
1499.8301 1499.842
1141.6921 1141.6819
1226.6692 1226.6619
1354.7478 1354.7568

869.5243 869.5447
2000.0569 2000.0942
3183.8609 3183.4707
1001.5569 1001.5506
2688.4142 2688.3541
2934.6514 2934.4514
2521.3526 2521.1676
1314.7513 1314.7507
1500.8093 1500.8235

821.3857 821.4184
2568.2491 2568.2173

ppm
7.9
8.96
5.99
-6.65
234
-18.6
123
6.36
22.4
68.2
73.4
0.46
-9.44
-39.8
12.4

Peptide
1 R.LTSLNVVAGSDLRR.T
1 R.RTSIGTIGPK.T
0 K.TNNPETLVALR.K
1 K.TNNPETLVALRK.A
1 R.KAGLNIVR.M
1 R.KSEELYPGRPLAIALDTK.G
1 RTGTTTNDVDYPIPPNHEMIFTTDDKYAK.A
0 R.TANDVLTIR.E
1 KIENQQGVNNFDEILKVTDGVMVAR.G
0 K.SNLAGKPVICATQMLESMTYNPRPTR.A
0 R.AEVSDVGNAILDGADCVMLSGETAK.G
0 KAIIVLSTSGTTPR.L
0 K.YRPNCPIILVTR.C
0 R.FSHLYR.G
1 R.GVFPFVFEKEPVSDWTDDVEAR.I
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UBIQUITINATION [LARGE SCALE ANALYSIS] AT LYS-204; LYS-255 AND LYS-446, AND
IDENTIFICATION BY MASS SPECTROMETRY [LARGE SCALE ANALYSIS].
PubMed=22106047; DOI=10.1002/pmic.201100166;

Starita L.M., Lo R.S., Eng J.K., von Haller P.D., Fields S.;

"Sites of ubiquitin attachment in Saccharomyces cerevisiae.";

Proteomics 12:236-240(2012).

[13]

X-RAY CRYSTALLOGRAPHY (3.00 ANGSTROMS) IN COMPLEX WITH SUBSTRATE ANALOG;
FRUCTOSE-1-6-DIPHOSPHATE; MANGANESE IONS AND POTASSIUM IONS.
PubMed=9519410; DOI=10.1016/s0969-2126(98)00021-5;

Jurica M.S., Mesecar A., Heath P.J., Shi W., Nowak T., Stoddard B.L.;

"The allosteric regulation of pyruvate kinase by fructose-1,6-

bisphosphate.";

Structure 6:195-210(1998).
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DR
DR
DR
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DR
DR

-1- CATALYTIC ACTIVITY:

Reaction=ATP + pyruvate = ADP + H(+) + phosphoenolpyruvate;
Xref=Rhea:RHEA:18157, ChEBI:CHEBI:15361, ChEBI:CHEBI:15378,
ChEBI:CHEBI:30616, ChEBI:CHEBI:58702, ChEBI:CHEBI:456216;
EC=2.7.1.40; Evidence={EC0O:0000269|PubMed:10413488};

-I- COFACTOR:

Name=Mg(2+); Xref=ChEBI:CHEBI:18420;

Evidence={EC0:0000269|PubMed:10413488};
-I- COFACTOR:

Name=K(+); Xref=ChEBI:CHEBI:29103;
Evidence={EC0:0000305|PubMed:9519410};

-1- ACTIVITY REGULATION: The activity is regulated by glucose levels.

Activated by fructose-1,6-bisphosphate.

-I- BIOPHYSICOCHEMICAL PROPERTIES:

Kinetic parameters:

KM=0.31 mM for phosphoenolpyruvate (with magnesium as divalent
cation) {EC0O:0000269|PubMed:10413488};
KM=0.021 mM for phosphoenolpyruvate (with manganese as divalent
cation) {EC0O:0000269|PubMed:10413488};
KM=1.10 mM for ADP (with magnesium as divalent cation)
{ECO:0000269|PubMed:10413488};
KM=0.24 mM for ADP (with manganese as divalent cation)
{ECO:0000269|PubMed:10413488};
pH dependence:

Optimum pH is 6.0. {EC0O:0000269|PubMed:10413488};

-1- PATHWAY: Carbohydrate degradation; glycolysis; pyruvate from D-

glyceraldehyde 3-phosphate: step 5/5.

-1- SUBUNIT: Homotetramer.

-1- MISCELLANEOUS: Present with 291000 molecules/cell in log phase SD
medium. {EC0:0000269|PubMed:14562106}.

-1- SIMILARITY: Belongs to the pyruvate kinase family. {ECO:0000305}.

Copyrighted by the UniProt Consortium, see https://www.uniprot.org/terms
Distributed under the Creative Commons Attribution (CC BY 4.0) License

EMBL; V01321; CAA24631.1; -; Genomic_DNA.

EMBL; X14400; CAA32573.1; -; Genomic_DNA.

EMBL; AY949862; AAY27264.1; -; Genomic_DNA.
EMBL; AY949863; AAY27265.1; -; Genomic_DNA.
EMBL; AY949864; AAY27266.1; -; Genomic_DNA.
EMBL; AY949865; AAY27267.1; -; Genomic_DNA.
EMBL; AY949866; AAY27268.1; -; Genomic_DNA.
EMBL; AY949867; AAY27269.1; -; Genomic_DNA.
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EMBL; AY949868; AAY27270.1; -; Genomic_DNA.
EMBL; AY949869; AAY27271.1; -; Genomic_DNA.
EMBL; AY949870; AAY27272.1; -; Genomic_DNA.
EMBL; AY949871; AAY27273.1; -; Genomic_DNA.
EMBL; AY949872; AAY27274.1; -; Genomic_DNA.
EMBL; AY949873; AAY27275.1; -; Genomic_DNA.
EMBL; AY949874; AAY27276.1; -; Genomic_DNA.
EMBL; AY949875; AAY27277.1; -; Genomic_DNA.
EMBL; AY949876; AAY27278.1; -; Genomic_DNA.
EMBL; AY949877; AAY27279.1; -; Genomic_DNA.
EMBL; AY949878; AAY27280.1; -; Genomic_DNA.
EMBL; AY949879; AAY27281.1; -; Genomic_DNA.
EMBL; AY949880; AAY27282.1; -; Genomic_DNA.
EMBL; AY949881; AAY27283.1; -; Genomic_DNA.
EMBL; AY949882; AAY27284.1; -; Genomic_DNA.
EMBL; AY949883; AAY27285.1; -; Genomic_DNA.
EMBL; AY949884; AAY27286.1; -; Genomic_DNA.
EMBL; AY949885; AAY27287.1; -; Genomic_DNA.
EMBL; AY949886; AAY27288.1; -; Genomic_DNA.
EMBL; AY949887; AAY27289.1; -; Genomic_DNA.
EMBL; AY949888; AAY27290.1; -; Genomic_DNA.
EMBL; AY949889; AAY27291.1; -; Genomic_DNA.
EMBL; AY949890; AAY27292.1; -; Genomic_DNA.
EMBL; U12980; AAC04993.1; -; Genomic_DNA.
EMBL; AY693107; AAT93126.1; -; Genomic_DNA.
EMBL; BK006935; DAA06948.1; -; Genomic_DNA.
PIR; S05764; KIBYP.

RefSeq; NP_009362.1; NM_001178183.1.

PDB; 1A3W; X-ray; 3.00 A; A/B=1-500.

PDB; 1A3X; X-ray; 3.00 A; A/B=1-500.

PDBsum; 1A3W; -.

PDBsum; 1A3X; -.

SMR; P00549; -.

BioGRID; 31727; 293.

DIP; DIP-4124N; -.

ELM; P00549; -.

IntAct; P00549; 186.

MINT; P00549; -.

STRING; 4932.YALO38W; -.

MoonProt; P00549; -.

CarbonylDB; P00549; -.

iPTMnet; P00549; -.

COMPLUYEAST-2DPAGE; P00549; -.
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MaxQB; P00549; -.

PaxDb; P00549; -.

PRIDE; P00549; -.

TopDownProteomics; P00549; -.

EnsemblFungi; YALO38W_mRNA; YALO38W; YALO38W.
GenelD; 851193; -.

KEGG,; sce:YALO38W; -.

SGD; S000000036; CDC19.

VEuPathDB; FungiDB:YALO38W; -.

eggNOG; KOG2323; Eukaryota.

GeneTree; ENSGT00390000008859; -.

HOGENOM; CLU_015439 0_1_1;-.

InParanoid; P00549; -.

OMA; QVPIVQK; -.

Reactome; R-SCE-6798695; Neutrophil degranulation.
Reactome; R-SCE-70171; Glycolysis.

SABIO-RK; P00549; -.

UniPathway; UPA00109; UER00188.
EvolutionaryTrace; P00549; -.

PRO; PR:P00549; -.

Proteomes; UP000002311; Chromosome .

RNAct; P00549; protein.

GO; GO:0005737; C:cytoplasm; IDA:SGD.

GO; GO:0005886; C:plasma membrane; HDA:SGD.
GO; GO:0005524; F:ATP binding; IEA:UniProtKB-KW.
GO; GO:0016301; F:kinase activity; IEA:UniProtkKB-KW.
GO; GO:0000287; F:magnesium ion binding; IEA:InterPro.
GO; GO:0030955; F:potassium ion binding; IEA:InterPro.
GO; GO:0004743; F:pyruvate kinase activity; IDA:SGD.
GO; GO:0006096; P:glycolytic process; IMP:SGD.

GO; GO:0006090; P:pyruvate metabolic process; IMP:SGD.
CDD; cd00288; Pyruvate_Kinase; 1.

Gene3dD; 2.40.33.10; -; 1.

Gene3D; 3.20.20.60; -; 1.

Gene3D; 3.40.1380.20; -; 1.

InterPro; IPR001697; Pyr_Knase.

InterPro; IPR015813; Pyrv/PenolPyrv_Kinase-like_dom.
InterPro; IPR040442; Pyrv_Kinase-like_dom_sf.
InterPro; IPR011037; Pyrv_Knase-like_insert_dom_sf.
InterPro; IPR018209; Pyrv_Knase_AS.

InterPro; IPR015793; Pyrv_Knase_brl.

InterPro; IPR015795; Pyrv_Knase_C.

InterPro; IPR036918; Pyrv_Knase_C_sf.
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InterPro; IPR015806; Pyrv_Knase_insert_dom_sf.
PANTHER; PTHR11817; PTHR11817; 1.
Pfam; PF00224; PK; 1.

Pfam; PF02887; PK_C; 1.

PRINTS; PR01050; PYRUVTKNASE.
SUPFAM; SSF50800; SSF50800; 1.
SUPFAM; SSF51621; SSF51621; 1.
SUPFAM; SSF52935; SSF52935; 1.
TIGRFAMSs; TIGR01064; pyruv_kin; 1.
PROSITE; PS00110; PYRUVATE_KINASE; 1.
1: Evidence at protein level;

3D-structure; Acetylation; Allosteric enzyme; ATP-binding; Glycolysis;
Isopeptide bond; Kinase; Magnesium; Manganese; Metal-binding;

Nucleotide-binding; Phosphoprotein; Potassium; Pyruvate;
Reference proteome; Transferase; Ubl conjugation.
INIT_MET 1
/note="Removed"
/evidence="ECO:0007744|PubMed:17287358"
CHAIN 2..500
/note="Pyruvate kinase 1"
/id="PRO_0000112121"
NP_BIND 51..54
/note="ATP"
/evidence="EC0:0000250|UniProtKB:P14618"
REGION 402..407
/note="FBP binding; allosteric activator"
/evidence="EC0:0000269|PubMed:9519410,
ECO:0007744|PDB:1A3W"
METAL 51
/note="Potassium"
/evidence="EC0:0000269|PubMed:9519410,
ECO0:0007744|PDB:1A3W, ECO:0007744|PDB:1A3X"
METAL 53
/note="Potassium"
/evidence="EC0:0000269|PubMed:9519410,
ECO:0007744|PDB:1A3W, ECO:0007744|PDB:1A3X"
METAL 84
/note="Potassium"
/evidence="EC0:0000269|PubMed:9519410,
ECO0:0007744|PDB:1A3W, ECO:0007744|PDB:1A3X"
METAL 85
/note="Potassium; via carbonyl oxygen"
/evidence="EC0:0000269|PubMed:9519410,
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ECO0:0007744|PDB:1A3W, EC0O:0007744|PDB:1A3X"
METAL 242
/note="Manganese"
/evidence="EC0:0000269|PubMed:9519410,
ECO0:0007744|PDB:1A3W, EC0O:0007744|PDB:1A3X"
METAL 266
/note="Manganese"
/evidence="EC0:0000269|PubMed:9519410,
ECO0:0007744|PDB:1A3W, ECO:0007744|PDB:1A3X"
BINDING 49
/note="Substrate"
/evidence="EC0:0000269|PubMed:9519410,
ECO0:0007744|PDB:1A3X"
BINDING 91
/note="ATP"
/evidence="ECO0:0000250|UniProtKB:P14618"
BINDING 177
/note="ATP"
/evidence="ECO0:0000250|UniProtKB:P14618"
BINDING 240
/note="Substrate; via amide nitrogen"
/evidence="EC0:0000269|PubMed:9519410,
ECO0:0007744|PDB:1A3X"
BINDING 265
/note="Substrate; via amide nitrogen"
/evidence="EC0:0000269|PubMed:9519410,
ECO0:0007744|PDB:1A3W, ECO:0007744|PDB:1A3X"
BINDING 266
/note="Substrate; via amide nitrogen"
/evidence="EC0:0000269|PubMed:9519410,
ECO:0007744|PDB:1A3W"
BINDING 298
/note="Substrate"
/evidence="EC0:0000269|PubMed:9519410,
ECO:0007744|PDB:1A3W, EC0O:0007744|PDB:1A3X"
BINDING 452
/note="FBP; allosteric activator"
/evidence="EC0:0000269|PubMed:9519410,
ECO:0007744|PDB:1A3W, EC0O:0007744|PDB:1A3X"
BINDING 459
/note="FBP; allosteric activator"
/evidence="EC0:0000269|PubMed:9519410,
ECO:0007744|PDB:1A3W, EC0O:0007744|PDB:1A3X"
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BINDING 484

SITE

MOD_

MOD_

MOD_

MOD_

MOD_

MOD_

MOD_

MOD_

MOD_

MOD_

/note="FBP; allosteric activator; via amide nitrogen"
/evidence="EC0:0000269|PubMed:9519410,
ECO0:0007744|PDB:1A3W, EC0O:0007744|PDB:1A3X"
240
/note="Transition state stabilizer"
/evidence="EC0:0000269|PubMed:10413488"
RES 2
/note="N-acetylserine"
/evidence="ECO:0007744|PubMed:17287358"
RES 9
/note="Phosphoserine"
/evidence="EC0:0007744|PubMed: 17330950,
ECO0:0007744|PubMed:19779198"
RES 16
/note="Phosphoserine"
/evidence="ECO:0007744|PubMed:18407956,
ECO0:0007744|PubMed:19779198"
RES 31
/note="Phosphothreonine"
/evidence="ECO:0007744|PubMed:19779198"
RES 70
/note="Phosphoserine"
/evidence="ECO0:0007744|PubMed:19779198"
RES 184
/note="Phosphothreonine"
/evidence="ECO0:0007744|PubMed:19779198"
RES 213
/note="Phosphoserine"
/evidence="ECO0:0007744|PubMed:17287358"
RES 316
/note="Phosphoserine"
/evidence="EC0:0007744|PubMed:19779198"
RES 450
/note="Phosphoserine"
/evidence="EC0:0007744|PubMed:19779198"
RES 478
/note="Phosphothreonine"
/evidence="ECO:0007744|PubMed:17330950,
ECO:0007744|PubMed:19779198"

CROSSLNK 204

/note="Glycyl lysine isopeptide (Lys-Gly) (interchain with
G-Cter in ubiquitin)"



FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT

/evidence="ECO:0007744|PubMed:22106047"
CROSSLNK 255
/note="Glycyl lysine isopeptide (Lys-Gly) (interchain with
G-Cter in ubiquitin)"
/evidence="ECO:0007744|PubMed:22106047"
CROSSLNK 446
/note="Glycyl lysine isopeptide (Lys-Gly) (interchain with
G-Cter in ubiquitin)"
/evidence="ECO:0007744|PubMed:22106047"
MUTAGEN 240
/note="K->M: Reduces activity 1000-fold."
/evidence="EC0:0000269|PubMed:10413488"
CONFLICT 382..386
/note="VAASA -> SLPR (in Ref. 1; CAA24631)"
/evidence="EC0O:0000305"
HELIX 3.8
/evidence="ECO:0007744|PDB:1A3W"
STRAND 21..26
/evidence="EC0:0007744|PDB:1A3X"

HELIX 29..31
/evidence="ECO0:0007744|PDB:1A3W"
HELIX 34..43

/evidence="ECO0:0007744|PDB:1A3W"
STRAND 47..49
/evidence="EC0:0007744|PDB:1A3W"
HELIX 57..73
/evidence="EC0O:0007744|PDB:1A3W"
STRAND 82..84
/evidence="EC0O:0007744|PDB:1A3W"
STRAND 96..99
/evidence="EC0O:0007744|PDB:1A3W"
STRAND 108..112
/evidence="EC0:0007744|PDB:1A3W"
TURN 116..120
/evidence="ECO:0007744|PDB:1A3W"
STRAND 126..129
/evidence="ECO:0007744|PDB:1A3W"
HELIX 133..136
/evidence="EC0:0007744|PDB:1A3W"
STRAND 142..145
/evidence="ECO:0007744|PDB:1A3W"
TURN 146..149
/evidence="ECO:0007744|PDB:1A3W"
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STRAND 150..153
/evidence="ECO:0007744|PDB:1A3W"
TURN 159..161
/evidence="ECO:0007744|PDB:1A3X"
STRAND 163..167
/evidence="ECO:0007744|PDB:1A3W"
STRAND 178..180
/evidence="ECO:0007744|PDB:1A3W"
HELIX 193..205
/evidence="ECO:0007744|PDB:1A3W"
STRAND 208..212
/evidence="ECO:0007744|PDB:1A3W"
HELIX 218..232
/evidence="ECO0:0007744|PDB:1A3W"
STRAND 235..241
/evidence="ECO:0007744|PDB:1A3W"

HELIX 245..248
/evidence="ECO:0007744|PDB:1A3W"
HELIX 250..256

/evidence="ECO0:0007744|PDB:1A3W"
STRAND 260..262
/evidence="ECO0:0007744|PDB:1A3W"

HELIX 264..270
/evidence="ECO:0007744|PDB:1A3W"
HELIX 273..275
/evidence="EC0O:0007744|PDB:1A3W"
HELIX 276..290

/evidence="EC0O:0007744|PDB:1A3W"
STRAND 294..296
/evidence="EC0O:0007744|PDB:1A3W"

HELIX 302..305
/evidence="ECO:0007744|PDB:1A3W"
HELIX 312..324

/evidence="ECO:0007744|PDB:1A3W"
STRAND 327..329
/evidence="EC0:0007744|PDB:1A3W"

TURN 333..337
/evidence="EC0O:0007744|PDB:1A3W"
HELIX 341..355

/evidence="ECO:0007744|PDB:1A3W"
STRAND 357..359

/evidence="EC0:0007744|PDB:1A3X"
HELIX 361..368
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/evidence="ECO:0007744|PDB:1A3W"
HELIX 378..393

/evidence="ECO0:0007744|PDB:1A3W"
STRAND 398..401

/evidence="ECO:0007744|PDB:1A3W"
STRAND 403..405

/evidence="ECO:0007744|PDB:1A3W"
HELIX 406..413

/evidence="EC0:0007744|PDB:1A3W"
STRAND 420..425

/evidence="ECO:0007744|PDB:1A3W"
HELIX 429..432

/evidence="ECO:0007744|PDB:1A3W"
HELIX 433..435

/evidence="ECO:0007744|PDB:1A3W"

STRAND 439..443
/evidence="ECO:0007744|PDB:1A3W"
TURN 452..454
/evidence="ECO:0007744|PDB:1A3W"
HELIX 455..469

/evidence="ECO0:0007744|PDB:1A3W"
STRAND 478..483
/evidence="ECO0:0007744|PDB:1A3W"
TURN 487..489
/evidence="EC0:0007744|PDB:1A3W"
STRAND 494..499
/evidence="EC0O:0007744|PDB:1A3W"

SEQUENCE 500 AA; 54545 MW; 78D753FC410C5820 CRC64;

MSRLERLTSL NVVAGSDLRR TSHGTIGPK TNNPETLVAL RKAGLNIVRM NFSHGSYEYH
KSVIDNARKS EELYPGRPLA IALDTKGPEI RTGTTTNDVD YPIPPNHEMI FTTDDKYAKA
CDDKIMYVDY KNITKVISAG RIIYYDDGVL SFQVLEVVDD KTLKVKALNA GKICSHKGVN
LPGTDVDLPA LSEKDKEDLR FGVKNGVHMV FASFIRTAND VLTIREVLGE QGKDVKIIVK
IENQQGVNNF DEILKVTDGV MVARGDLGIE IPAPEVLAVQ KKLIAKSNLA GKPVICATQM
LESMTYNPRP TRAEVSDVGN AILDGADCVM LSGETAKGNY PINAVTTMAE TAVIAEQAIA
YLPNYDDMRN CTPKPTSTTE TVAASAVAAV FEQKAKAIIV LSTSGTTPRL VSKYRPNCPI
ILVTRCPRAA RFSHLYRGVF PFVFEKEPVS DWTDDVEARI NFGIEKAKEF GILKKGDTYV
SIQGFKAGAG HSNTLQVSTV



Table S2-2 Score and matched peptides of the protein identified by MALDI-TOF MS

Mascot Score Histogram
Protein score is -10*Log(P), where P is the probability that the observed match is a random event.
Protein scores greater than 51 are significant (p<0.05).
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Protein View: YO314_YEAST
Uncharacterized protein YOR314W OS=Saccharomyces cerevisiae (strain ATCC 204508 / S288c) OX=559292 GN=YOR314W PE=4 SV=1
Database: SwissProt

Score: 52
Expect: 0.052
Monoisotopic mass (Mr): 12743
Calculated pl: 7.66
Taxonomy: Saccharomyces cerevisiae S288C

Sequence similarity is available as an NCBI BLAST search of YO314_YEAST against nr.

Search parameters
Enzyme:
Trypsin: cuts C-term side of KR unless next residue is P.

Fixed modifications: Carbamidomethyl (C)
Mass values searched: 79
Mass values matched: 5

Protein sequence coverage: 75%

Matched peptides shown in bold red .



1 MTMIRFCGAR QSAIISNASD AAAGTNKKRI LNPLESLCLN DRIDEHRCKE
51 VQLSSLRSLL YAMILNRTIG SETGVFSFLL FSFRYFGEER DLFYCFFSVF
101 LLNITYLLD

Start - End Observed Mr(expt) Mr(calc) ppm M Peptide
6 — 27 2210.0674 2209.0601 2209.0546 2.52 1 R.FCGARQSAIISNASDAAAGTNK.K
11 - 27 1618.8706 1617.8633 1617.7958 41.7 0 R.QSAIISNASDAAAGTNK.K
50 — 67 2106.0534 2105.0461 2105.1666 -57.2 1 KEEVQLSSLRSLLYAMILNR.T
68 — 90 2689.4215 2688.4142 2688.3224 34.1 1 R.TIGSETGVFSFLLFSFRYFGEER.D
85 — 109 3184.8682 3183.8609 3183.5304 104 1 RYFGEERDLFYCFFSVFLLNITYLLD.-
ID YO314_YEAST Reviewed; 109 AA.

AC Q12506; AOA1S0TOCH1;

DT 11-SEP-2007, integrated into UniProtKB/Swiss-Prot.

DT 01-NOV-1996, sequence version 1.

DT 07-APR-2021, entry version 79.

DE RecName: Full=Uncharacterized protein YOR314W;

GN OrderedLocusNames=YOR314W; ORFNames=06123;

OS Saccharomyces cerevisiae (strain ATCC 204508 / S288c) (Baker's yeast).

OC Eukaryota; Fungi; Dikarya; Ascomycota; Saccharomycotina; Saccharomycetes;
OC Saccharomycetales; Saccharomycetaceae; Saccharomyces.

OX NCBI_TaxID=559292;

RN [1]

RP NUCLEOTIDE SEQUENCE [GENOMIC DNA].

RC STRAIN=ATCC 96604 / S288c / FY1679;

RX PubMed=8896266;
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Fig. S1 Time-course analysis of changes in the
mactivation of S. cerevisiae after each treatment.
Initial cells were suspended at a density of 2-3 X
10°> CFU ml!. UV-A irradiance was set at 19 mW
cm™2. Symbols: UV-A irradiation alone (open
squares); 1 mg ml-! FA alone (in the dark, shaded
circles); combination of 1 mg ml-' FA and UV-A
irradiation (open circles). Data are presented as
means = SD (n=3). Significant differences (**P <
0.01 and ***P < 0.001; two-tailed, unpaired #-test)
were determined based on comparison with initial
viability.
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Fig. S2 Dual-parameter dot plots of 10,000 double-stained cells (Cyto 9 and PI) evaluated by flow
cytometry after incubation for 0 min (A, upper line) or 5 min (B, lower line). Upper and lower
squares indicate PI- (damage or dead) and Cyto 9-stained cells (live), respectively. The numbers near
squares in each panel indicate the percentage of live cells and damaged or dead cells among a total

of 10,000 cells.
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Fig. S3 Oxidative damage of cellular proteins in S.
cerevisiae treated with UV-A alone at an irradiance of
19 mW c¢m™?: luminescence levels of the band at ~49
kDa (A) and of proteins (B) immunodetected on
Western blots, expressed as arbitrary units (a.u.) of
mean luminescence normalized to the signal levels of
samples before UV-A irradiation (0 min). Data are
presented as the mean = SD (n=3). Identical letters
above the bars indicate no significant differences
between groups (one-way ANOVA).
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Fig. S4. MALDI-TOF MS spectrum of the peptide produced by in-gel tryptic digestion.
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Fig. S5 Effect of treatment with FA and UV-A irradiation on S. cerevisiae growth. Growth in each sample was
monitored by measuring the optical density at 650 nm (ODes0) in panels A and B. As the ODes50 values were >0.1,
the values were plotted on a logarithm scale in panels C and D. Graphs show growth curves for each sample in the
absence (A and C) or presence (B and D) of FA. Lines in all figures indicate samples without (solid lines) and with
(dotted lines) UV-A irradiation. Values are presented as the mean (n=4).
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Fig. S6 Concentration of H202 generated in FA
solution with and without UV-A light 1rradiation.
Left and right (open) bars for each treatment
indicate H202 concentration after incubation for 30
min in the dark or UV-A exposure at an irradiance
of 4.77 mW cm™, respectively. Data are presented
as means = SD (n=3). Significant differences
(***P <0.001; two-tailed, unpaired t-test). Cont.,
sample without FA; nd, not detected.
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Fig. S7 Formation of 5,5-dimethyl-1-pyrroline-N-oxide (DMPO)/*OH adducts in solutions containing
phenolic acids before and after irradiation. ESR spectra of mixtures of 4.5 mmol 1! FA and 450 mmol 1!
DMPO were recorded before and after irradiation with UV-A light (4.77 mW c¢m™) for 3 min. The con-

trol sample consisted of 450 mmol I"! DMPO solution prepared with pure water alone. Each figure shows
the ESR spectrum for pure water (A and C) and FA (B and D) before (A and B) and after (C and D) 1irra-
diation. Values in the figure indicate signal intensity of the second line of the DMPO/*OH adduct graphs

(arbitrary units).
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Fig. S8 Effect of DMSO on inactivation of S.
cerevisiae. Conidia suspensions (initial density, 2-3

X 10° CFU ml") were exposed to UV-A irradiation
at an irradiance of 19 mW cm2 for 10 min after

addition of FA at a concentration of 1 mg ml-! fol-
lowed by addition of DMSO. Data are presented as
the mean = SD (n=3). ***P < (0.001; two-tailed,
unpaired 7-test.
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Fig. S9 Oxidative damage of cellular proteins in S.
cerevisiae (initial density, 2-3 X 107 CFU ml!)
treated with H202 at a concentration of 0.02 to 0.5%
for 20 min. Luminescence levels of proteins
immunodetected on Western blots, expressed as
arbitrary units (a.u.) of mean luminescence normalized
to the signal levels of untreated samples. Data are
presented as the mean = SD (n=3). Different letters

above the bars denote significant differences between
the groups (P < 0.05; one-way ANOVA).





