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Optical manipulation of Saccharomyces cerevisiae cells reveals that
green light protection against UV irradiation is favored by low Ca2+

and requires intact UPR pathway
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a b s t r a c t

Optical manipulation of Saccharomyces cerevisiae cells with high density green photons conferred
protection against the deleterious effects of UV radiation. Combining chemical screening with UV
irradiation of yeast cells, it was noted that the high density green photons relied on the presence
of intact unfolded protein response (UPR) pathway to exert their protective effect and that the
low Ca2+ conditions boosted the effect. UPR chemical inducers tunicamycin, dithiotreitol and cal-
cium chelators augmented the green light effect in a synergic action against UV-induced damage.
Photo-manipulation of cells was a critical factor since the maximum protection was achieved only
when cells were pre-exposed to green light.
� 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
1. Introduction

Visible light is that part of the spectrum which is usually associ-
ated with physiological processes such as vision and color percep-
tion. Being one of the fundamental constants of the environment,
the visible light is perceived as a bio-friendly type of radiation to
which the living organisms have thoroughly adapted. The interac-
tion between visible light and the biological systems has always
been a topic of interest and there is increasing evidence that it often
results in stimulating or protective effects [1–4]. Green light (GL) is
that part of the visible spectrum with wavelengths between 487–
570 nm [5], thought to act as photoprotector against the production
of free radicals [6–8], displaying a long-range interaction [9] with
the biological systems, with increased active range between 515–
530 nm [10]. In particular, high density green photons were shown
to protect UV-irradiated melanocytes in standard culture [8]. The
use of high density green photons as a source of metastable states
by polarization effects was first revealed within the Comorosan
group, which termed this new type of matter as complex optical
matter [11]. In this study, we used the eukaryotic microorganism
Saccharomyces cerevisiae to identify molecular components which
are relevant for the photoprotective effect of GL against the delete-
rious effects of UV irradiation. Combining chemical screening with
photomanipulation of yeast cells, we found that GL acted synergis-
tically with the unfolded protein response (UPR) chemical inducers
tunicamycin (TM), dithiotreitol (DTT) and calcium chelators, thus
indicating the UPR involvement in the GL photoprotective action
against UV irradiation.

The UPR is a signal transduction pathway that transmits infor-
mation about the folding status of the proteins within the endo-
plasmic reticulum (ER) lumen to cytosol and then nucleus with
the final aim of increasing the protein folding capacity [for reviews,
[12–14]. UPR is initiated by accumulated misfolded proteins in the
ER lumen (generically known as ER stress) readily sensed by the
Ire1p, the key component of the unfolded protein response (UPR)
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pathway [15]. In yeast, the activated protein receptor Ire1p trans-
mits the signal by removing an intron from the HAC1 mRNA (unsp-
liced uHAC1 mRNA ? spliced, intronless iHAC1 mRNA) that
translates into the Hac1p transcription activator of the UPR target
genes [16,17], many of which possess an UPR-responsive element
(UPRE) in their promoter sequence [18].

In this study, we provide evidence that the GL photoprotective
effect against UV-induced cell damage in yeast requires an intact
UPR pathway and that the protective effect is augmented by low
Ca2+ conditions. Ca2+ is a notorious signaling factor, used univer-
sally by living organisms. In S. cerevisiae cells, Ca2+ is critical to sig-
nal various environmental stresses including salt, alkaline and
oxidative stresses [19–21], when signaling is achieved through
transient increase in cytosolic Ca2+ [22]. Once the signaling
achieved, the cytosolic Ca2+ is restored to minimum level by an
intricate system of channels, exchangers and pumps [23,24]. The
cytosolic Ca2+ bursts are sensed by the Ca2+-binding protein cal-
modulin, which binds to and activates calcineurin, a well-conserved
protein phosphatase. Calcineurin, in turn, dephosphorylates Crz1p
[24], which then translocates from the cytosol to the nucleus and
activates genes involved in the adaptation to stress [25,26]. Linger-
ing cytosolic Ca2+ is detrimental to cell survival and it often associ-
ates with apoptosis onset[27]. Inversely, Ca2+ depletion is equally
bad, since it can ultimately lead to incorrect protein folding and
ER stress [28]. Recently, it was shown that extracellular Ca2+ levels
stimulate the yeast response to blue light via changes in the nuclear
localization of transcription factors Crz1p, Msn2p and Msn4p [29].
In this study we revealed that the GL protection of the yeast cells
against UV irradiation involved calcineurin, but not Crz1p, Msn2p
or Msn4p by a mechanism which relates to calcium homeostasis.

2. Materials and methods

2.1. Yeast strains, yeast manipulation, plasmids and growth media

The S. cerevisiae strains used in this study were isogenic to the
‘‘wild type’’ (WT) parental strain BY4741 (MATa; his3D1; leu2D0;
met15D0; ura3D0) [30] having the exact genotype of BY4741, ex-
cept for the knock out mutations yfg::kanMX4 of individual genes
(Supplementary material, Table 1S). The individual knock-out mu-
tants are referred to in text as yfgD. All strains were obtained from
EUROSCARF (European S. cerevisiae Archive for Functional Analysis,
Institute of Molecular Biosciences Johann Wolfgang Goethe-Uni-
versity Frankfurt, Germany). Cell storage, growth and manipula-
tion were done as described [31]. Strains were stored and
pre-cultured in standard YPD (1% yeast extract, 2% polypeptone,
2% dextrose). For irradiation experiments, cells were shifted to de-
fined SD (synthetic dextrose) media supplemented with the neces-
sary amino acids. For solid media, 2% agar was used. Glucose and
the supplemental chemicals were added from filter-sterilized (Mil-
lipore, pore size 0.22 lm) stock solutions. Yeast transformation
was performed by a modified lithium acetate method [32] and
transformants were selected for growth on SD medium lacking
uracil (SD-Ura). Plasmid pCZY1 (URA3, 2 l) harboring the lacZ re-
porter gene driven by the CYC core promoter fused with the UPRE
(unfolded protein response element) was generously provided by
Professor Kenji Kohno (Nara Institute of Science and Technology,
Japan) and used to monitor cellular UPR activity [18].

2.2. Optical manipulation of cells

Cells to be irradiated were inoculated from an overnight pre-
culture at density 5 � 105 cells/ml in liquid SD (complete or lacking
uracil) and grown with agitation (200 rpm) at 28 �C until reaching
5 � 106 cells/ml (approximately 6 h). Cell suspensions (500 ll)
were shifted to multi-well transparent plates (Corning, well
diameter 2 cm) so that the cell suspension had approximately
1.5 mm thickness. Cells gently shaken (30 rpm) were irradiated
in normal atmosphere with GL from underneath and with UV from
above.

GL illumination of cells was performed from underneath using
light emitting diodes (LEDs) of 100 lumens mounted on a copper
ventilated radiator and passing through a window of the same size
and shape as the well in which the cells were grown. A special
geometry was arranged, to obtain a collimated monochromatic
light k = 527 nm with intensity on the target up to 105 Lx, deter-
mined with a digital Luxmeter LX-1102, Lutron (14.64 mW/cm2).
The same protocol was followed for control experiments with blue
light (BL, k = 455 nm, 14.64 W/cm2) or white light (continuous vis-
ible spectrum, 3 mW/cm2).

UV irradiation of cells was carried out with an UV-C lamp (Vil-
ber Lourmat, Marne-la-Valée, France) emitting ultraviolet rays at
254 nm, which delivered uniform irradiation at a distance of
20 cm (10 mW/cm2). For control experiments, UV-A and UV-B
lamps emitting ultraviolet rays at 365 and 312 nm, respectively
(10 mW/cm2) were used.

2.3. Cell growth

Cell growth following irradiation was assessed in three different
ways.

2.3.1. Growth in liquid media
Irradiated cells were shifted to a 28 �C dark incubator and

grown overnight under mild agitation (100 rpm). The cell growth
in liquid media was monitored by determining the optical density
of cellular suspension at 660 nm (Shimadzu UV–Vis spectropho-
tometer, UV mini 1240, Kyoto, Japan) as described [33]. The growth
was calculated relatively to the initial cell density of the non-irra-
diated, non-chemically stressed cells.

2.3.2. Cell growth spot assay
The irradiated cells were diluted in sterile water 100, 101, 102,

103 and 104-fold, then stamped on SD/agar plates using a replica-
tor. Plates were photographed after 2 days incubation at 28 �C.

2.3.3. Cell viability
For viability test, thoroughly suspended cell samples were taken,

suitably diluted with sterile deionised water and plated on YPD/agar.
After 3–4 days of incubation at 28 �C, the colonies were counted and
viability was expressed as percent of colony forming units (CFU) rel-
atively to control (non-irradiated non-chemically stressed cells).
Original cell suspensions had viability higher than 99%.

2.4. Reverse transcriptase-PCR (RT-PCR)

Analysis of HAC1 mRNA splicing was done following the proce-
dure described by Promlek et al. [34]. Total RNA was prepared from
yeast cells using a SV Total RNA Isolation System (Promega, Madi-
son, Wi, USA) following manufacturer’s instructions. To obtain first
strands of cDNA, total RNA samples (1 lg) were used for 20 ll-
scale reverse transcription reaction with the GoScript Reverse
Transcriptase kit (Promega, Madison, Wi, USA) and a dT15 oligonu-
cleotide primer. The cDNAs of interest were amplified from 2 ll re-
verse transcription (RT) reactions with appropriate primer sets and
Taq polymerase (Promega). To amplify the transcripts, 22 cycles for
HAC1 and 18 cycles for ACT1 were used. The PCR products were
then run on 2% agarose gels, and the ethidium bromide-stained
fluorescent images were captured using a gel documentation
system (Doc-Print II, Vilber Lourmat, France). The primers used
were: for HAC1, forward: 50-TACAGGGATTTCCAGAGCACG-30,
reverse: 50-TGAAGTGATGAAGAAATCATTCAATTC-30, and for ACT1,
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Fig. 1. Protective effect of GL upon UV-irradiated yeast cells. (A) GL rescued the UV-
irradiated cells when applied on cells for 30 min before being used concomitantly
with UV irradiation. Mid log growing cells (5 � 106 cells/mL) were placed in
transparent wells to be illuminated with GL (527 nm, 14.64 mW/cm2) from
underneath and with UV (254 nm, 10 mW/cm2) from above, as described in
Section 2. Various irradiation schemes were performed in parallel, then individual
cell suspensions were serially diluted in a 48-well plate before being stamped on
YPD/agar by means of a pin replicator (approximately 4 ll/spot). The YPD plates
were photographed after two days at 28 �C in a dark incubator. Experiments were
repeated at least three times on different days and the results were similar. One
representative plate is shown. (B) Influence of GL pre-exposure on the viability of
cells irradiated with UV. Optically manipulated cells were diluted in sterile water
and spread on YPD plates. Colony forming units (CFU) were counted after three days
incubation at 28 �C in a dark incubator and viability was calculated relatively to
non-irradiated cells. Each determination was repeated three times on different
days, with no significant variations (P < 0.05). Values are expressed as the
mean ± standard error (S.E.) of duplicate determinations of three independent
experiments (n = 6). The data on the horizontal axis represent the type of optical
manipulation and the numbers represent the exposure time (minutes) correspond-
ing to each type of irradiation. Best protection achieved is highlighted by a dotted
rectangle. (C) Influence of BL on the viability of cells irradiated with UV. The
experimental setup was similar to that described in B, except for the GL which was
replaced by BL (455 nm, 14.64 mW/cm2).
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Fig. 2. Effect of chemicals on the protective action of GL against UV. (A) UPR
chemical inducers tunicamycin (TM) and dithiothreitol (DTT) acted in synergy with
GL to rescue the UV-irradiated cells. Mid log growing cells (5 � 106 cells/ml) pre-
incubated for six hours with non-toxic concentrations of TM (2 lM) or DTT
(0.5 mM) were placed in transparent wells and were illuminated with GL (10 min
afore, then 2 min concomitantly with UV) in 2 cm wells as described in Section 2.
Following irradiation, cells were diluted in sterile water and spread on YPD plates.
Colony forming units (CFU) were counted after three days at 28 �C in a dark
incubator. Cell viability was calculated relatively to non-irradiated cells grown in
liquid SD medium with no added chemical. (B) Synergy between calcium chelators
and GL in rescuing the UV-irradiated cells. The cells pre-incubated for 6 h with non-
toxic concentrations of BAPTA (2 mM) or EGTA (1 mM) were further manipulated as
in experiments described in A. Each determination was repeated three times on
different days, with no significant variations (P < 0.05). Values were expressed as
the mean ± standard error (S.E.) of duplicate determinations of three independent
experiments (n = 6). The tests made in the presence of illumination (grey bars, GL)
were paralleled by control experiments, in which the GL was switched off (white
bars, no GL). GL (527 nm, 14.64 mW/cm2); UV (254 nm, 10 mW/cm2).
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forward: 50-ATTCTGAGGTTGCTGCTTTGG-30, reverse: 50-GTGGTG-
AACGATAGATGGAC-30.

2.5. b-Galactosidase assay

The b-galactosidase activity of yeast extract was carried out on
permeabilized cells as described [33]. Values are expressed in Mill-
er units (MU) as the mean ± standard error (SE) of triplicate deter-
minations of three independent yeast transformants.

2.6. Reproducibility of the results

All experiments were repeated independently on three different
days. For each individual experiment values were expressed as the
mean ± standard deviation (S.E.) of duplicate determinations on
three independent days (n = 6). Multiple comparisons were per-
formed with Student’s t-test. The differences were considered to
be significant when P < 0.05. Data analysis was performed with
Statistical Package for Social Science 15.0 (SPSS 15.0) for Windows.
The observed trends were fully consistent among the independent
experiments. For visual results (photographs), a representative
example is shown.
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3. Results

3.1. Yeast cells pre-exposed to GL are protected from the deleterious
effects of UV irradiation

GL was shown previously to have a protective effect on human
melanocytes in cultures exposed to UV [8]. To further investigate
the photoprotective action of GL (k = 527) against UV exposure,
we used the model eukaryotic microorganism S. cerevisiae. Thanks
to a thick, rigid cell wall, the yeast cells are resistant to various
environmental insults; nevertheless, UV exposure for around
5 min (k = 254 nm, 10 mW/cm2) severely impaired the yeast
growth, killing more than 50% of the cells in the liquid suspension.
GL irradiation (from 30 min to 24 h, 30 min increments) had no
protective effect when performed either before or after the UV irra-
diation. Protection could be achieved though when UV irradiation
was concomitant with GL exposure, but solely for cells subjected
to GL pre-treatment (Fig. 1A). Maximum protection was recorded
when concomitant UV- and GL irradiations were preceded by
30 min exposure to GL (Fig. 1B). The irradiation scheme: GL
(30 min), immediately followed by concomitant exposure to both
GL from underneath and UV from above (UV + GL, 5 min) system-
atically gave the best results in terms of cell survival and viability,
therefore it was used in most subsequent experiments.

In the experiments described above, GL was shown to protect
the yeast cells against UV-C (energy peak at 254 nm), therefore
we wondered whether similar behavior could be observed for
UV-B (energy peak at 312 nm) or UV-A (energy peak at 365 nm).
Surprisingly, the protective action of GL, was weaker against UV-
B and UV-A albeit following the same pattern as for UV-C (Supple-
mental material, Fig. 1S), suggesting a selective interaction
between the green photons and the high-energy UV-C rays.

In parallel, we tested other parts of the visible spectrum in
terms of protective capacity against UV-C. Using a continuous
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Fig. 3. GL protection against UV depended on UPR pathway status. (A) GL rescued the UV-
and knock-out mutants ire1D and hac1D grown to mid log phase (5 � 106 cells/mL) we
with GL from underneath (30 min afore, then 5 min concomitantly with UV from above
included. Following irradiation, cells were diluted in sterile water and spread on YPD pla
the dark. Cell viability was calculated relatively to non-irradiated cells (left-most bar). (
machinery. The knock-out mutants rad14D, rad16D, and rad18D were treated as in A. G
spectrum of white light enhanced the UV-C damaging (Supplemen-
tal material, Fig. 2S), while blue light (455 nm) had no significant
effect on cell survival (Fig. 1C). Although the protective potential
of visible light with other specific wavelengths cannot be com-
pletely ruled out, we focused our further experiments solely on
the optical manipulation of the yeast cells with high density green
photons. In all the tests described below, only UV-C (254 nm) was
employed, simply referred to as UV.

3.2. GL protects yeast cells against UV in synergy with chemicals which
induce the UPR

The protection offered by GL against the UV irradiation was
noteworthy; therefore correlations with various molecular mecha-
nisms were attempted. For this purpose, we optically manipulated
yeast cells grown under various chemical insults to eventually de-
tect a synergism between GL and the chemicals tested in terms of
UV protection. As most of the chemical used represented an extra
stress upon yeast cells, a milder irradiation scheme was necessary.
Wild type yeast cells pre-incubated with individual chemicals
were subsequently exposed to GL (10 min) then GL + UV (2 min).
The irradiated cells were shifted to a dark incubator and the syn-
ergy between GL and the chemical was assessed by cell relative
growth. An array of chemicals was assayed, including sub-toxic
concentrations of: (i) H2O2, tert-butylhydroperoxide, menadione,
paraquat (for oxidative stress induction); (ii) antioxidants (ascor-
bate, a-tocopherol, quercetin, caffeic acid, epigallocatechin gallate,
catechin, rutin); (iii) heavy metals (Mn2+, Cu2+, Cd2+, Ni2+, Co2+);
(iv) high Ca2+ (100–400 mM) and low Ca2+ achieved by chelators
1,2-bis(o-aminophenoxy)-ethane-N,N,N0,N0-tetraacetic acid (BAP-
TA) or ethylene glycol-bis(2-aminoethylether)-N,N,N0,N0-tetraace-
tic acid (EGTA); (v) tunicamycin (TM) and dithiothreitol (DTT) for
UPR induction (see Supplemental material, Figs. 3S–7S). It was
noted that GL protection of UV-irradiated cells was slightly
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irradiated yeast cells, providing they exhibit an intact UPR pathway. Wild type (WT)
re placed in transparent wells under mild agitation (30 rpm) and were illuminated
(right-most bar). Control experiments with different irradiation schemes were also
tes. Colony forming units (CFU) were counted after three days incubation at 28 �C in
B) Effect of GL on the viability of UV-exposed mutants with defects in DNA repairs
L (527 nm, 14.64 mW/cm2); UV (254 nm, 10 mW/cm2).
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Fig. 4. Effect of optical manipulation on UPR response. (A) WT, ire1D and hac1D
cells were transformed with plasmid pCZY1 (harboring a UPRE-LacZ reporter) [18]
and grown in selective medium until mid log phase. Cell suspensions were optically
manipulated as described in Fig. 3A, and then shifted to a shaking incubator
(200 rpm, 28 �C). Samples were taken after 60 min and UPRE-LacZ reporter activity
was assessed by b-galactosidase activity (Miller units). The assay was done on
permeabilized cells with the colorimetric substrate o-nitrophenyl-b-D-galactopy-
ranoside (ONPG). Each determination was repeated three times on different days,
with no significant variations (P < 0.05). Values were expressed as the mean ± stan-
dard error (S.E.) of triplicate determinations on three independent transformants
(n = 9). (B) Effect of optical manipulation on HAC1 mRNA splicing. Total RNA
prepared from wild type cells optically manipulated as in Fig. 3A was subjected to
RT-PCR to detect the unspliced (less active uHAC1) or the sliced (active iHAC1) forms
of HAC1 on 2% agarose gels. ACT1 RT-PCR was done as a loading control. The
experiment was done three times and the results were similar. One representative
gel is shown. GL (527 nm, 14.64 mW/cm2); UV (254 nm, 10 mW/cm2).
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augmented by TM and DTT (Fig. 3S), or by the calcium chelators
EGTA or BAPTA (Fig. 4S). In contrast, no such effect could be no-
ticed for any other chemical tested (see Supplemental material,
Figs. 5S–7S). Further, the synergic action of GL and the responsive
chemicals was checked by determining the viability of the wild
type cells exposed to UV. In this case also, it was noted that both
the UPR inducers (TM and DTT) and the calcium chelators (EGTA
and BAPTA) augmented the capacity of GL to restore the viability
of the UV-irradiated cells (Fig. 2A and B, respectively).

3.3. Protection against UV-related damages through exposure to GL
requires intact UPR pathway

TM and DTT are notorious inducers of the UPR pathway. At the
same time, the calcium chelators BAPTA or EGTA create an extra-
cellular environment with low concentrations of free Ca2+, causing
Ca2+ shortage which is sometimes associated with the occurrence
of misfolded proteins. Under such circumstances, it became appar-
ent that the UPR pathway may relate to the protective effect of GL
against UV irradiation. To test this possibility, yeast mutants with
disrupted UPR pathway were subjected to the irradiation scheme
that best worked for the wild type cells (Fig. 1B). For this purpose,
cells with knock out mutations in the two main components of UPR
pathway, ire1D and hac1D, were used. We noticed that while in the
case of wild type cells GL restored the viability of UV-irradiated
cells, no such effect could be observed for either ire1D or hac1D
cells (Fig. 3A). These observations suggested that GL photoprotec-
tion against UV requires a functional UPR pathway.

UV attacks biomolecules randomly, and apart from proteins, it
strongly damages the DNA, therefore we further investigated
whether GL could reduce the UV sensitivity in yeast with defects
in the DNA repair machinery. For this purpose we used three UV-
sensitive knock-out mutants, rad14D, rad16D and rad18D which
lack Rad14p, Rad16p (proteins that recognize and bind damaged
DNA during nucleotide excision repair) [35] and Rad18p (E3 ubiq-
uitin ligase required for postreplication repair) [36], respectively.
In the case of all UV-sensitive mutants, the protective action of
GL, albeit present, was rather weak (Fig. 3B). This observation sug-
gested that under the experimental conditions used, GL did not sig-
nificantly relieve the DNA damage caused by the much stronger
UV.

3.4. GL optical manipulation induces the UPR

Ire1p and Hac1p are two key components of the UPR pathway
in yeast: the former has the ability to sense the misfolded proteins
within the ER and to transduce the signal further to the Hac1p
transcription factor via the splicing of HAC1 mRNA, thus activating
the transcription of effector genes [12–14], many of which have
UPRE in their promoters [18]. To detect the effect of GL upon
UPRE-regulated gene transcription, we transformed yeast cells
with a reporter plasmid having the LacZ gene under the control
of UPRE [18] and subjected the transformed cells to optical manip-
ulation. UPR induction was monitored by the presence of b-galac-
tosidase activity in permeabilized yeast cells. We revealed that
under normal conditions, the wild type cells exhibited a back-
ground b-galactosidase activity which was wiped out when cells
were subjected to UV irradiation (Fig. 4A). In contrast, the b-galac-
tosidase activity was restored and even increased in GL-protected
UV-irradiated wild type cells. This could be correlated to the UPR
induction, as the galactosidase activity was very low in both ire1D
and hac1D cells subjected to similar optical manipulations
(Fig. 4A). The GL ability to activate UPR through Ire1p-Hac1p sys-
tem was also tested by determining the level of HAC1 mRNA splic-
ing in wild type cells. Total RNA was extracted from cells that
underwent various irradiation schemes and the HAC1 mRNA splic-
ing was assessed by RT-PCR (Fig. 4B). It was noted that GL alone
could induce the HAC1 mRNA splicing, which was not detected in
UV-irradiated cells (Fig. 4B). HAC1 mRNA splicing could be also de-
tected in co-irradiated cells (UV + GL) and was highest in cells pre-
exposed to GL (GL; GL + UV) (Fig. 4B), suggesting that GL protection
against UV correlates with conditions fit for UPR activation.

3.5. Protection against UV through exposure to GL depends on cell
calcium

As GL exhibited synergism with calcium chelators in the protec-
tive action against UV, the question was raised if the GL protective
effect could be related to environmental or cellular Ca2+. It was
shown previously that increased extracellular Ca2+ levels stimulate
the blue light-induced responses of three transcription factors,
Crz1p, Msn2p and Msn4p and that Crz1p activation is mediated
by calcineurin [29]. We subjected the knock-out mutants crz1D,
msn2D and msn4D to the GL-UV irradiation scheme best fitted
for the parental strain, but no significant difference from the wild
type behavior could be noticed and that GL had similar protective
effect on all the three mutants (Fig. 5A). In contrast, the cells lack-
ing the regulatory subunit of calcineurin, cnb1D, became even
more sensitive to UV when GL photomanipulated (Fig. 5B). As this
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Fig. 5. GL protection against UV-cells was favored by low environmental calcium. (A) Deletions of genes encoding transcription factors which were activated by blue light
[29] did not interfere with the photoprotective activity of GL against UV-related cell viability. Knock-out mutant crz1D, msn2D and msn4D cells in mid log growing phase
(5 � 106 cells/ml) were manipulated as in Fig. 3A. Following irradiation, cells were diluted in sterile water and spread on YPD plates. Colony forming units (CFU) were counted
after three days incubation at 28 �C in the dark. Viability was calculated relatively to non-irradiated cells. Each determination was repeated three times on different days, with
no significant variations (P < 0.05). Values are expressed as the mean ± standard error (S.E.) of duplicate determinations of the three independent experiments (n = 6). (B)
Effect of calcium chelator BAPTA on optically manipulated cells defective in calcineurin. Wild type cells (left) or cells lacking the regulatory subunit of calcineurin (cnb1D,
right) were pre-grown in liquid SD or in SD containing non-toxic concentrations of BAPTA (2 mM) until mid log phase (5 � 106 cells/ml). Following irradiation, cells were
manipulated as in A to determine the viability. (C) Effect of calcium chelation on UPR response of optically manipulated cells. Wild type cells (left) or cnb1D cells (right) were
transformed with plasmid pCZY1 (harboring a UPRE-LacZ reporter) [18] and grown in SD-Ura supplemented or not with BAPTA, until reaching the mid log phase. Cell
suspensions were optically manipulated as described in Fig. 3A, then shifted to a shaking incubator (200 rpm, 28 �C). Samples were taken after 60 min and UPRE-LacZ reporter
activity was assessed by b-galactosidase activity (Miller units). b-Galactosidase assay was done on permeabilized cells using the colorimetric substrate o-nitrophenyl-b-D-
galactopyranoside (ONPG). Each determination was repeated three times, with no significant variations (P < 0.05). Values are expressed as the mean ± standard error (S.E.) of
triplicate determinations on three independent transformants (n = 9). GL (527 nm, 14.64 mW/cm2); UV (254 nm, 10 mW/cm2).

I.C. Farcasanu et al. / FEBS Letters 587 (2013) 3514–3521 3519
sensitivity could be reverted by the cell-impermeant calcium che-
lator BAPTA (Fig. 5B), it became apparent that GL photoprotection
against UV was favored by low environmental Ca2+. Additionally,
BAPTA stimulated the UPR in the cnb1D cells subjected to the
GL/30, (GL + UV)/5 irradiation scheme (Fig. 5C), indicating that
low environmental Ca2+ augments the GL protective effect against
UV via UPR activation. To double check the role that cell calcium
has in mediating the protective effect of GL against UV, we em-
ployed various yeast mutants defective in Ca2+ transport and
homeostasis. In this experiment, cch1D, mid1D, pmc11D, yvc1D,



0 

20

40

60

80

100

WT cnb1 cch1 mid1 yvc1 pmc1 pmr1

C
el

l v
ia

bi
lit

y 
(%

)

UV

GL; UV + GL

cnb1ΔWT cch1Δ mid1Δ yvc1Δ pmc1Δ pmr1Δ

Fig. 6. The photoprotective action of GL against UV depends on the calcium status
of the yeast cells. Yeast cells with various defects in calcium transport and
homeostasis were grown to mid log phase (5 � 106 cells/ml) and were placed in
transparent wells under mild agitation (30 rpm). The cells were UV-irradiated for
5 min (control, dark grey bars) or they were illuminated with GL from underneath
(30 min afore, then 5 min concomitantly with UV from above) (light grey bars).
Following irradiation, cells were diluted in sterile water and spread on YPD plates.
Colony forming units (CFU) were counted after three days incubation at 28 �C in the
dark. Cell viability was calculated relatively to non-irradiated cells from the same
strain. GL (527 nm, 14.64 mW/cm2); UV (254 nm, 10 mW/cm2).

3520 I.C. Farcasanu et al. / FEBS Letters 587 (2013) 3514–3521
and pmr1D cells were subjected to the GL/30, (GL + UV)/5 irradia-
tion scheme, and their viability was subsequently determined. It
was noted that GL had a protective effect on cch1D, mid1D, and
yvc1D, similarly to the wild type cells, but not on pmc1D cells
(Fig. 6). Cch1p and Mid1p are ion channels necessary for the high
affinity calcium influx across the plasma membrane and elevation
of cytosolic calcium, while Yvc1p is the vacuolar cation channel
which mediates release of Ca2+ from the vacuole [23]. Altogether,
the lack of the channels responsible for cytosolic Ca2+ bursts keeps
a low calcium profile, benefic for the GL photoprotective capacity.
In this line of evidence, the GL protection was lower on pmc1D cells
lacking the vacuolar Ca2+ ATPase involved in depleting cytosol of
Ca2+ ions (Fig. 6). Special attention must be paid to the pmr1D cells,
which were the most responsive to GL protection (Fig. 6). Pmr1p
encodes the High affinity Ca2+/Mn2+ P-type ATPase required for
Ca2+ and Mn2+ transport into Golgi whose deletion was reported
to induce UPR [28]. And as GL protection against UV irradiation
is favoured by UPR pre-activation, the pmr1D cells are likely to
be more prepared for the ravaging effects of UV irradiation.

4. Discussions

Recently, the interaction of light with matter generated a new
scientific domain known in physics as optical manipulation, with
the new concepts of optical matter and optical force. Using optics
to determine biological forces or to manipulate cells and organelles
by optical tweezers and stretchers [37,38] or to explore the action
of individual molecules within living cells [39] are just a few exam-
ples of optical manipulation potential. While generating controlled
optical forces is feasible, the interaction between light and biologic
systems is still difficult to assess, due to the heterogeneity and
optical imperfections of the latter. In this study, we optically
manipulated populations of yeast cells and we obtained reproduc-
ible responses of UV-irradiated cells to high density green photons.
Using a chemo-genetic approach, we revealed that the protection
offered by the GL requires a healthy, intact UPR pathway
(Fig. 3A), that UPR chemical inducers act in synergy with GL
(Fig. 2A and B), and so do mutations which induce the UPR, such
as PMR1 deletion (Fig. 6). While the necessity of an intact and ac-
tive UPR pathway seems obvious (UV exposure randomly damages
biomolecules, including proteins, triggering defense responses
such as the UPR) we were intrigued by the putative role of calcium
in the process. The fact that the GL photoprotective effect against
the UV-induced damages could not be seen in cnb1D but was evi-
dent in crz1D cells suggested that this effect depends on calcium
cellular level rather than on calcium-mediated signaling. The
cnb1D cells are notorious for accumulating intracellular Ca2+,
which may block the GL from photoprotecting the cells. The fact
that BAPTA restored the GL protection (Fig. 5B) and boosted the
UPR response in cnb1D cells (Fig. 5C) strongly supports this
hypothesis.

In the end, the observation that the protective action of GL
could be recorded only when UV irradiation was concomitant with
GL illumination preceded by GL exposure is worthwhile mention-
ing. Although no satisfactory explanation is available, it is possible
that the long-range interaction between the living cells and the
polarization effects of the high density green photons induce a
metastable state which renders the cells fit for survival, a state
which is short-lived and ends soon after the GL is switched off.

The mechanism by which GL offers protection to the cells
against UV irradiation is still elusive and remains to be investi-
gated. Nevertheless, the synergy between GL and UPR inducers is
noteworthy and may have important scientific and technological
implications.
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