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Abstract

In this study, we apply confocal Raman microspetiopy to a strain of fission yeast
that cannot produce CoQ10 due to a gene disrufdiemoted\pptl) and quantitatively assess
the effect of adding various antioxidants. Accogdia the literature, the Raman band of yeast
at 1602 critt is contributed mainly from the conjugated C=C stuve of ergosterol. The
reactive oxygen species (ROS) present in yeast g&lly oxidize ergosterol to form ergosterol
peroxide, in which the conjugated C=C structuralestroyed, and consequently the 1602
cm ! band may decrease. If exogenous antioxidativeergacare added to thepptl strain,
we expect the Raman band at 1602 cto recover because ROS responsible for the loss of
ergosterol can be detoxified by the antioxidant. M&asured Raman spectra from 2Qptl
cells with and without treatment of common anti@its (lipoic acid, glutathione, ascorbic
acid, and an inclusion complex of lipoic acid wyHtyclodextrin) as well as 200 wild-type
yeast cells. The band area ratio of the 1602'drand to the CH bending band at 1440 tm
was found to increase about 2-3 times when theadént was added. Among the five
antioxidants, glutathione showed the best perfoomanf increasing the intensity of the 1602
cm ! band. We also performed time-lapse experimentsihich the time dependence of the
band intensity ratio (1602 vs. 1440) was monitoogdr 1 day. The results show that in all
cases tested, the band intensity ratio markedlyeases in 10 h after addition of the
antioxidant. We demonstrate that Raman microspsabymy in combination with the mutant
yeast strains can be used as a novel quantitaiblefdr assessing the efficacy of various

antioxidantsn vivo.



D)% £ g & BACK AL i W el £ g e

Q iz mie ,7"]‘ A PRI -

# &

AT s Rk AR BRI L EE QLO i AR G s Bk
e AR FF AR o T 2k U 1602 em AR R p s
e g b SRR R R G 0 KA 0 4 R TRB Y AT §
REE LGB F R I AR A € AR o
@E B 1602 cm R < sk L pE QLO e A v A Eoendrg it 4 4
$ NI AJE > TIEREE T ENEREY SRR NI LS A LW e
moa%wﬁﬂmwﬁﬁ&aﬁimzm”ﬁ&Aﬁ%%iﬁoﬂ“ﬁﬂﬁ

S f AL N ERE Y ERF o R H R4 - P A iR R

70

x4 %,

fady v H 200 Ll > HESFRAGH B 23R - SHEFTH

Rk %ﬁ‘lﬁa;‘,’lﬂcﬁui © A1 10 ] PF 0 3UELT B B B o



Acknowledgments

EHEFLAEFEa Echdp > BEAF IR 820 €%
EANXEFOTHRT - BEIRIFALEN-FITEFELEFLE D
Bz H - BEERPER TSI ELFHRITANE 2 DR FE
PRICGHRICGE - iR e him~ > REFRRHL R Fhl Adz IRz
BenE AP e ppt RERHE B > 2 E TR0 R Aty o iR
FEEEBI PR ERE KK R~ R 4% 0 2% Hemanth
fr Sudhakar &5 % 2 g Fenglet o B3 B 43~ Ik~ 7P 4n
Fe~ R BER UE ARG BB B PR KT OG 8 LY ok oo
ERHAGTHDLIFRF A AR AR VTR R E DR

PRI B o BBRH AT CEE B UE 3L A ARS

;
#p LAY R B2 ek s B TN ) B AR K
EREFADOFE o RS 2 REFF T ZARKUZ o~ p§E
6 ~Vitaly B s endp ¥ - Siien 2 g Y 0 RAR L I35 5 L af]

fro REEFRBE AR oG FIeiE Al o



Tables of Contents

Abstract (EngliSN) ... I
ADBSEract (ChiNESE) ... e e e 1
ACKNOWIEAGMENTS ... e e e e e e eees 1
Tables Of CONtENTS. ... e \Y,
Listof Figures and Tables..........oooi i, \%
Chapter I IntroducCtion ..........cooiiii i e e 1
Chapter Il Experimental ..o e 6
[1-1. Sample preparation ........ccii i e e 7
[I-2. Laboratory-built confocal Raman microspectedsr ..................... 8
[I-3. Experimental conditions in Raman measuremenis................. 10
[I-4. Singular value decomposition analysis ..............ccooecmeeeeeennnn. 10
Chapter lll Results and DISCUSSION ........coiie it e e oo 17
-1, GrOWEN CUIVES ... it e e e e e 18

[11-2. In vivo quantitative Raman assessment of the effectstmiastants in
FISSION YRAST ...ttt e e i e e e e 18
[11-2-1. Raman spectra of the WT aAgptlstrains ...................... 19

llI-2-2. Raman intensity changes with external &ddiof antioxidants

t0 theAPPLLSIrain ..o s 19

[11-3. Time-lapse Raman measurements ...........ccoccveiiiiiiiiiennennn 22.
-4, CONCIUSION ...t e e 23
Chapter IV Summary and Future Work —........ccooi i, 39

RETIEIENCE .o 41



List of Figuresand Tables

Figure I-1. Scheme of formation of ergosterol peroxide fromostgrol in the presence of
FEACHIVE OXYJEN SPECIES vttt ittt aie et eae ettt et et et e e e eaeete et eennenenenaeeeeesD

Figurell-1. Single colonies on the YES plate after 4-5 daysutifvation at 30°C ......... 12

Figure I1-2. Chemical structures of (alR)-(+)-lipoic acid (RLA), (b) glutathione (GSH), (c)

L-ascorbic acid (Vit C), and (gicyclodextrin §-CD) ..........coceiiiiiiiiiiieie e e 13
Figurell-3. Schematic of the laboratory-built confocal Ramanrospectrometer ........... 14
Figurell-4. Thestage-top iINCUDALOr ..........cccoiiiiiiii i e ee e 1D

Figure I1-5. Estimation of the lateral (XY) resolution of thebbratory-built confocal Raman
0T oT o 1Sy o L= o1 1 0] 0 0 T= (=] 16
Figure 11-6. Estimation of the axial (Z) resolution of the ladiry-built confocal Raman
0T oT 0 1Sy o L= o1 1 0] 1 0 T=7 =] S 16
Figurelll-1. (A) Growth curves of the WT and untreatfyoptl strains. (B) growth curves of

the untreated Apptl strain and that treated with RLA, GSH, Vit C, and

Figure I11-2. Averaged Raman spectra (n = 200) of the WT Apgtl strain. The spectra
have been normalized to the area intensity of t#m band ................cccevvvvnnnnnn. 26
Figurell1-3. Averaged Raman spectra (n = 200) of the untreapgdl strain and thépptl
strains treated with 0.5 mM RLA,5 mM GSH, 05 mM Vit C, and 0.5 mM
RLAY-CD ..o e.2T
Figurell-4. Histograms of the ratio of the area intensityhef 1602 crit band to the 144

0 O DANGALBOZALAL0 - <+ e ereeeeen et ee et et te et e et ee e e e eeiee e 20 28
Figure 111-5. Histograms of the ratio of the area intensitytaf 1655 crit band to the 1440
O DANAALGSTALALO oo e .29

Figure 111-6. Histograms of the ratio of the area intensitytaf 1300 crit band to the 1440

Cm_l band ,A130JA1440 .................................................................................... 30



Figure 111-7. Histograms of the ratio of the area intensitytaf 1003 crit band to the 1440
ol oL e S E: X
Figurelll-8. Bar graphs of the averaged intensity ratio of 16682 (A), 1655 (B), 1300 (C),
and 1003 (D) cit bands to the 1440 EMband ..........cooveeeeeeee e 32
Figurelll-9. Time-lapse Raman spectra (n =100) of the untre@pedl strain............... 33

Figure I11-10. Time-lapse Raman spectra (n = 100) of Mpptl strain treated with 0.5 mM

Figurelll-12. Time dependence of the averaged ratio of Ramad besa intensity at 1602
cm ! to that at 1440 cil of the untreatedpptl, Apptl treated with 0.5 mM RLA, andpptl
treated With 0.5 MM GSH ... ... e e e e e &3
Figurel11-13. Time dependence of the averaged ratio of Ramad bsea intensity at 1655
(triangle), 1300 (circle), and 1003 (square) tio that at 1440 ci of the untreatedpptl,
Apptltreated with 0.5 mM RLA, andpptltreated with 0.5 MM GSH ...............ccoeeeie. 37
Figure I11-14. Histograms of the ratio of Raman band area intgrati 1602 crit to that at

1440 cm* 3 h (A) and 10 h (B) after addition of the antiamt...................ccceeveeennn.. 38

Table I11-1. Assignments of representative vibrational bandseniesl in the Raman

SPECtrum OfS. POMDE.. ... . e 24

Vi



Chapter |

| ntroduction



An imbalance between the level of reactive oxygegces (ROS) and the cell’s ability
to eliminate them, in favor of oxidants, may potaifly cause significant structural and
functional damages to cells known as oxidativesstrgl,2]. ROS, such as oxygen ions,
hydroxyl radicals, and peroxides, are continuodisiyned as a normal by product of aerobic
metabolism and play crucial roles in cell signalamgl homeostasis. However, as the level of
ROS is elevated due to environmental stress orrypetté physiological conditions, ROS can
turn to be harmful to cells, leading to cellulaidative injury. To counter the oxidative stress,
cells have various antioxidant defense mechanissisguenzymes and small-molecule
antioxidants. Antioxidants are often reducing agesuch as thiols, ascorbic acid, carotenes,
polyphenols, and ubiquinone (also known as CoQ1p)Because oxidative stress has been
suggested to be relevant to aging, some antioxgdame commercially produced as
supplement tablets. Despite the growing effortsl@éveloping intracellular oxidative stress
assays, quantitative assessment of the antioxatavity of antioxidantsn vivo still remains
a great challenge. Here the author has developenivaplatform for assessing the effects of
antioxidants using Raman microspectroscopy and aainst of fission yeast
Schizosaccharomyces ponthat is unable to produce CoQ10.

Raman microspectroscopy of single liviBg pombecells has been intensively studied
in the last decade [3-9, 16, 18]. One of the mogiartant outcomes of these studies is that
the intensity of the yeast Raman band at 1602' shows a strong correlation with the
metabolic activity of yeast cells under differentnient, stress, and atmospheric conditions [3,
4]. The spontaneous death process of budding y&astharomyces cerevisidg@s been
shown to accompany a decrease of this Raman beiffettmg the metabolic activity of yeast
cells [5]. Furthermore, the 1602 chband has been observed not only in yeast cellslbat
in animal cells [6, 7]. Although many experimentidta have been accumulated on the
behavior of this interesting Raman band, its ass@mt has remained unclear until recently.

The first insight into the origin of the 1602 thband was obtained in work by Huaegal.



[3], which showed that addition of a respiratiohibitor KCN results in a rapid depletion of
this band. They also showed from their prelimin&gman imaging experiment that the
intracellular distribution of the molecular specigmt gives rise to the 1602 chband
appears to coincide with that of mitochondria, ¢fte of respiration. Inspired by these results
indicative of a close association of the 1602 thand with cellular respiration, Onoei al.
studied™*C- andH-isotope substitution effects on the 1602 timand [8]. By comparing the
observed isotope shifts with density functionalottyecalculation results, they conclude that
the C=C bond without any hydrogen attached of tiisamiquinone radical anion (CoQis

a strong candidate for the origin of the 1602 thand [8]. Very recentljhowever, Chitet al.
argued that ergosterol, fungal sterols, is the nmaintributor to the 1602 crh band and
attributed the band to the conjugated Csitetch of ergosterol [9{Figure I-1).

To probe the effects of antioxidants at the sirggkt-1evel, we used a knock-out strain
of S. pomben which p-hydroxybenzoate polyprenyl diphosphate transfe(pp&l) gene is
disrupted. This knock-out straidenotedApptl has been well characterized previously [10,
11]. Due to theoptl gene disruption, the strain cannot produce CoQAiGsblf, which plays a
significant role in the respiration processes aselagtron carrier. In CoQ-deficient strain
yeast cells, fermentation is the major way of pmdg energy. A previous study showed that
the CoQ-deficient cells cannot grow well in the mmal medium supplemented with only
glucose [10]. CoQ10 also acts as an endogenousxat#nt. Therefore, the deficiency in
production of CoQ10 in th&pptl strain may increase intracellular oxidative stréssshown
in Figure I-1, the resulting ROS will potentiallyidize ergosterol to form ergosterol peroxide
[12, 13], and this conversion destroys the conpdi&=C moiety, which is considered to the
primary origin of the 1602 cm band. Therefore, the intensity of the 1602*cband in the
Apptl strain will decrease compared with that of thedviyipe (WT) strain (n@ptl gene
disruption). In the present study, we observed gaarin the intensity of the 1602 chband

as well as other bands for thpptl single cells, with external addition of typicalti@axidants



(glutathione, lipoic acid, and vitamin C) to thegth medium. We found that the intensity of
the 1602 cri band is indeed restored by the addition of théomistants with glutathione
being the most effective. We also performed tinps¢éaRaman measurements to understand
the dynamic aspect of our finding.

The rest of this thesis is organized as followsagiér 1l describes the sample and the
experimental approach used in this thesis work,aignma laboratory-built confocal Raman
microspectrometer. In addition, the method of esatiom of spatial resolution and data
analysis using singular value decomposition arerds=d in detail. Chapter 11l presents our
results. The potential of Raman microspectroscofift wutant yeast cells is discussed in
terms of quantitative assessment of the antioxidativity of various biomolecules in living

cells.



ergosterol ergosterol peroxide

Figure I-1. Scheme of formation of ergosterol peroxide fromostgrol in the presence of
reactive oxygen species.
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[1-1. Sample preparation

A wild-type (WT) strain ofSchizosaccharomyces pomaed its mutant that cannot
produce CoQ10 due to disruption in thehydroxybenzoate polyprenyl diphosphate
transefrase gene [11], (denottydptl) were kindly provided by Profs. M. Kawamukai and T
Yamamoto of Shimane University. The WT afyoptl S. pombestrains were pre-cultured at
30 °C on a YES plate containing yeast extract (5, gflucose (30 g/L), agar (17 g/L), and
amino acids including adenine, histidine, leucumagcil, and lysine (50 mg/L each). After 3-5
days of cultivation, a large number of coloniestioé WT andApptl strains were found
spreading on the YES plate (Figure II-1). A singt#ony of the WT and\pptl strains was
harvested from the YES plate and transferred idmif® Mineral Leucine Uracil (PMLU)
medium, which is a minimum nutrition medium witlutgne and uracil (75 mg/L each). The
PMLU medium was supplied with five different antidants—glutathione (abbreviated as
GSH), ®)-(+)-lipoic acid (RLA), ascorbic acid (Vit C), andn inclusion complex of
(R)-(+)-lipoic acid in y-cyclodextrin (RLAYCD)—at 0.5 mM. All the antioxidants were
completely dissolved in the medium. The instant nvttee single colony was added into the
fresh PMLU medium with an antioxidant was definasdtisne zero and Raman spectroscopic
measurement commenced. A 200 of the prepared sample was then transferred anto
poly-D-lysine coated glass-bottomed dish (MatTek; P35G:10-C).

RLA and RLAN-cyclodextrin were provided by CycloChemBio. GSHiart C were
commercially obtained from Sigma. All the chemicalsre used as received. The chemical
structures of the antioxidants (RLA, GSH, and V)t &dy-CD are shown in Figure II-2.
RLA (Figure 1l-2a) can be reduced to dihydrolip@icid, thereby showing the antioxidant
effects [23]. GSH (Figure 1I-2b) is a tripeptidentaining a thiol group as a reducing agent. In
acting as an antioxidant, GSH is converted toxidired form, glutathione disulfide (GSSG)
[24]. L-Ascorbic acid (Figure II-2c), also known as vitan@, is a common food additive that

is believed to have the antioxidant activity [26|SH and Vit C are water soluble, whereas



RLA is much less soluble in water. To improve tljgeous solubility of RLA, an inclusion
complex of RLA withy-CD was also used in this study. As shown in Figi:&d, y-CD is a
cyclic oligosaccharide that consists of 8 glucosenomers viaa-1,4 linkages. It forms a
toroid shape with an inner diameter e® nm in which a guest molecule can be

accommodated.

[1-2. Laboratory-built confocal Raman microspectrometer

Figure I1I-3 is a schematic illustration of the ladory-built confocal Raman
microspectrometer [14, 15] used in this study. B82.8 nm output of a He-Ne laser
(Thorlabs; HRR170) was used as the Raman excitatarce. The laser beam was magnified
by a factor of ~2.67 in order to effectively coube exit pupil of the objective used and to
better use a high NA of the objective. The expantiestr beam was introduced to a
custom-made inverted microscope (Nikon; TE2000-U) &n edge filter (Semrock;
LP02-633RU-25) and a hot mirror (Thorlabs; FM02heTlaser beam was focused on the
sample cell by an oil-immersion objective (Nikorl®lan Fluor; 100x oil, NA=1.3) placed
on the microscope stage, and backward scatteretivigs collected by the same objective.
The backward scattered light was guided along posite direction to the incoming path.
The Rayleigh scattering and anti-Stokes Ramanesaajtwere rejected by the edge filter and
only Stokes Raman scattering was transmitted. ThernStokes Raman scattered light was
focused on a 10Am pinhole by a 150-mm lens and then collimatedrmtlzer 150-mm lens.
With the use of the 10Qm pinhole and two 150 mm lenses for a confocal igon&tion,
spatial resolution of 308 (£7) nm in lateral (XYirettion and 3.23 (£0.09um in axial (2)
direction was achieved. The Stoke Raman scatteged Wwas introduced to a spectrometer
(HORIBA Scientific; iIHR320) and detected by a liqunitrogen-cooled charge-coupled
device (CCD) detector (Princeton Instruments; Sp&d00) with 100 x 1340 pixels

operating at —120 °C. A 600 grooves/mm grating used. The resulting spectral resolution



was~7 cm*, which was high enough in this work because the&aspectra of biological
samples usually exhibit relatively broad vibratibbands. This grating can cover a wide
spectral range over the fingerprint region (>2000%c For bright-field observation, the
sample was illuminated by a halogen lamp (or a orgrtamp) and optical micrographs were
acquired by a digital camera (Nikon; DS-Ril) mouhta the microscope.

The laboratory-built confocal Raman microspectran&ian also be equipped with a
3-axis piezoelectric stage (Pl; P-563.3CD) or gestmp incubator (Figure 11-4) [16] (Tokai
Hit; INU-ONICS-F1) on the microscope stage. Thex&@iezoelectric stage can translate the
sample both horizontally and vertically and wasdusedetermine the spatial resolution of our
confocal Raman microscope (see the next paragrdple)piezoelectric stage was controlled
by a computer program based on LabVIEW (Nationatrtiments). The stage-top incubator
was used to keep the experimental environment dinodutemperature and air flow more
stable. It can control the temperature by four petelent heaters—stage, top, bath, and lens
heaters—and the air flow by a gas-flow device @ry. The set temperatures of the stage, top,
bath, and lens heaters were, respectively, 30,, 305 and 35 °C, making the sample
temperature kept30 °C. This incubator can prevent the sample froymd and maintain the
same culture conditions, allowing us to performgl@xperiments.

Figures 1I-5 and II-6 show the calibration resutisthe lateral (XY) and axial (2)
resolutions of our confocal Raman microspectromédterestimate the lateral resolution, the
laser spot was scanned horizontally across a suge of a silicon wafer using the intensity
of the 520 crit phonon band of silicon. Similarly, to estimate theial resolution, the
intensity rise of the 1019 crhband of indene at an indene—glass interface wasuned. By
scanning the laser spot continuously to cross dige er the interface assumed to be infinitely
sharp, a plot of the intensity of the band (eit2® or 1019 cit) versus the scanned distance
was obtained and it was fitted to a model functipg. f(x) is a Heaviside step function

convoluted with a Gaussian function, which is gibsrEq. 11-1[17].



f(x):%(h erf(%;jj+c (Eq. 11-1)

where erf denotes the error functidhjs a normalization constard,is the onset of the step
function, gis the width of Gaussian functio@,is a constant. The full width at half maximum
(FWHM) is equal to (Eq. 11-2):

FWHM = 2y/2In 20 (Eq. 11-2)
Therefore, the fitting results show that the spatsgolution was about 308 £ 7 nm in the
lateral direction and 3.23 £ 0.Q8n in the axial direction. Here the error bars repr fitting

precision.

[1-3. Experimental conditionsin Raman measurements

Yeast cells were cultured in PMLU medium in a shgkincubator at 30 °C. Growth
curves were measured by using a cell counting ckarfdit] (Marienfeld; 06 401 30). The
yeast cells were immobilized well on the poltysine coated glass-bottomed dish. The
excitation laser power was 3.7 mW. The exposure tiar each spectrum was 5 s. About
60—70 Raman spectra could be measured in 1 h arghthple dish was replaced every 1 h by
a new one that was prepared in exactly the sameenaft each measurement time, a total of

200 Raman spectra were acquired from 200 diffeésepombeells.

I1-4. Singular value decomposition analysis

In our experiment, we measured a large number afdRaspectra (200 spectra) so we
needed to shorten the exposure time (5 s for gaetirsim). To improve the signal-to-noise
ratio in the spectra acquired with such a shoriosupe time, singular value decomposition
(SVD) analysis was performed [14-15, 18-20]. SVD asmathematical technique that
factorizes an arbitramn x nmatrix A into the product of three matrices as Eq. 11-3][21

A =UwWV' (Eq.3)-

10



HereU is anm X n column-orthonormal matriXyV is ann x n diagonal matrix of positive
singular values, anlf is ann x n orthonormal matrixU andV represent the spectral and
positional matrices, respectively. We only retainedmponents ofU and V having
significantly large singular values to reproducetnraA, because other components with
much smaller singular values contribute to theinabdata negligibly and can be regarded as
noises. Then we reconstructed mathxoy using those components that have significantly
large singular values. The number of singular v&lused for reconstruction depends on the
data set, but it was less than 10 in all cases. $® was computed in Igor Pro

(WaveMetrics) using LAPACK routines.
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Figurell-1. Single colonies on the YES plate after 4-5 daysutifvation at 3¢°C.
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Figurell-4. Thestage-top incubator
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[11-1. Growth curves

The growth curves of the WT arpptl yeast strains in PMLU medium are shown in
Figure IlI-1A. The WT strain can reach stationahape after 30 h culture. In contrast, the
Apptl strain cannot grow well in PMLU medium primarilye to the deficiency in CoQ10
production. It grows much more slowly than WT anéreafter 80 h culture, it seems not to
reach stationary phase yet. As can be seen fromrd-ifl-1B, however, addition of the
antioxidants (RLA, GSH, Vit C, and RL%LCD) was found to improve the growth of the
Apptl mutant.

The cell growth was recovered in all cases, butdkint of recovery depends on
antioxidants. The effect is smallest for Vit C. Téedl density of thé\pptl strain after 3 days
of culture treated with RLA is similar to that dfet WT strain, but the growth rate is still
much smaller. There is no notable difference innghocurve between RLA and RLACD;
the two growth curves look nearly identical. GStowh the largest recovery in terms of both
final cell density and growth rate. Although tigptl strain treated with GSH takes
somewhat longer time (about 50 h) to reach statjophase than the WT strain, it indeed
eventually grows to the same level as the WT strBased on the growth curves, we
conclude that the recovery of cell growth increasethe order of Vit C, RLA (RLA/-CD),
and GSH. This order is thought to reflect, at leastome extent, the strength of antioxidant
activity. Similar restoration of the cell growth ahother mutantAdps) by addition of

CoQ10¥-CD complex has recently been reported by Niskidal [22].

[11-2. In vivo quantitative Raman assessment of the effects of antioxidantsin fission yeast
[11-2-1. Raman spectra of the WT and Apptl strains

As shown above, the growth characteristics canrlgleshow the effect of the
antioxidative reagents. However, the cell numbegsdoot provide any information on the

molecular mechanisms for how the addition of ancartant affects the cell physiology of

18



the Apptlstrain (e.g., metabolic activity) and results ipedter growth. In this study, we used
Raman microspectroscopy to understand the effeahtbtdxidants at the molecular level and
to assess their antioxidant activity quantitativielliving cells.

Figure 1lI-2 displays typical Raman spectra of W&l and Apptl strains. Each
spectrum is the average of 200 spectra measured 2@0 different cells of either WT
or Apptl strain. It is important to collect data on a largenber of cells in order to extract
information through statistics that is not affectgdcell individuality. The two spectra have
been normalized to the area intensity of the 1440 band (see Table IlI-1 for assignment of
this band). Because the intracellular space islyigeterogeneous with many organelles and
biomolecules, the observed Raman spectral patiarrgeneral, depends greatly on the
location from which the spectrum is measured, ngmehere the laser is focused. Here we
focused the excitation laser on lipid dropletsdesyeast cells (usually visible as tiny black
spots under the microscope). Lipid droplets arepmsad of the core of neutral lipids such as
triacylglycerols and sterol esters surrounded Iph@spholipid monolayer, so they are rich in
lipids.

Several representative Raman bands are observéd4dt 1655, 1602, 1440, 1300,
1154, and 1003 crin both WT andApptl spectra. The assignments [3] of these and other
Raman bands can be found in Table 1. The averagedatized Raman spectra of the WT
andApptl strains are quite similar to each other, excepttfe 1602 crit band. The intensity
of this band is much weaker in tApptl strain than in WT. As already mentioned in Chapter
I, this Raman band is unique in that it sharplyeas the metabolic activity of yeast cells [2,
4, 16], and it has recently been shown to arisenip&iom the conjugated C=C stretching of
ergosterol [7] (see Figure I-1). Because fipptl strain is unable to synthesize CoQ10 by
itself, their ability to reduce the level of intellar reactive oxygen species (ROS) is
considered weaker than WT. Note that CoQ10 als@ahasxidant activity. In the presence of

high levels of ROS, ergosterol can be convertedrgmsterol peroxide, and the conjugated
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C=C structure of ergosterol will be disrupted asvah in Figure I-1. Consequently, the
intensity of the 1602 cim band will decrease. If this is the case, the witgrof the 1602 cit
band should recover when intracellular oxidativess caused by ROS is reduced by e.g.,

adding antioxidative reagents externally to thé cel

[11-2-2. Raman intensity changes with external addition of antioxidants to the Apptl
strain

To study the effects of exogenous antioxidantsh@enRaman spectrum of the pptl
strain, we measured lipid-droplet Raman spectna 200 living  pptlcells grown for 10 h
in the medium to which the antioxidant (RLA, GSHt Z, or RLAN-CD) was added. We
obtained Raman data exclusively from lipid drople¢sause their Raman spectrum usually
exhibits strong 1602 crhband compared with the cytoplasm. Figure IlI-3vehithe average
of 200 spectra foApptlcells with and without the addition of antioxidenthe five averaged
spectra have been normalized to the area inteofsitye 1440 crm' band.

In all cases, the treatment with the antioxidaniseal a significant increase in the
intensity of the 1602 cm band relative to the control (antioxidant-untreladpptl). We do
not see such a drastic change in other Raman b@indsee this more quantitatively, we plot
the number of spectra that give a certain intensitip to the 1440 cm band as histograms
for the bands at 1602, 1655, 1300, and 1003 ¢Rigure 111-4—7). These figures compare the
distributions of 200 spectra obtained from WT, aatedApptl (control), andApptl treated
with RLA, GSH, Vit C, and RLA/-CD. The distributions do not deviate much from the
normal distribution. Assuming the normal distrilmj we calculated the mean of each
distribution and its standard deviation (n = 20@)jch are also reported in Figure IlI-4-7.

First, let us focus on the 1602 chiband (Figure I11-4). As discussed above, the naan
the intensity raticA;s0/Aa440 Of theApptl strain is about three times smaller than that @t W

(0.06 versus 0.18). When treated with RLA, &pptl strain shows a mean of 0.12, which is
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double the untreated control value. The mean ofraties A;s0/A1440 IS €ven larger for the
Apptl cells treated with GSH. Upon treatment, it incesaby a factor o£3.7 and becomes
almost the same as WT. In fact, among the fouozigative reagents tested, GSH showed
the most prominent recovery of the 1602 timand. In contrast, the effect of adding Vit C
was found to be little. The trend in the recoveiithe band intensity at 1602 chagrees very
well with our growth curve results (see the pregi@ection). The ability of antioxidant to
regain the intensity of the 1602 chband is strongest for GSH, moderate for RLA, and
weakest for Vit C. An important point to note hes¢hat using the Raman band at 1602cm
we have been able to assess the activity of ad@aoxsin vivo and at the molecular level. It is
not possible with either growth curve measurementsdinary biochemical approaches.

We suspected the moderate antioxidant activity oA ks due to the low solubility of
RLA in water, so we also tried a complex of RLA hwitcyclodextrin (RLAY-CD). In the
complex, hydrophobic RLA is included in the innawvity of y-CD and the outer hydrophilic
part makes the guest molecule solubilized in agsieowironment. Nevertheless, we observed
no significant difference in the mean value of ititensity ratioAsgodA1440 between treatment
with RLA alone and with RLA-CD. This may be because all RLA was dissolved even
without usingy-CD complex at concentration as low as 0.5 mM.

The behavior of the protein and lipid Raman barsdquite different from that of the
1602 cm* band. The intensity ratios of the 1655 (Figure5)| 1300 cr' (Figure 111-6), and
1003 cm® (Figure I1l-7) bands to the 1440 chmband do not vary significantly with
antioxidant treatment; the variation is within expeental uncertainties. This result clearly
indicates that only the ergosterol band at 1602'cim sensitive to the treatment with
antioxidants and can be used as a probe of thexahdtive effects.

To check the reproducibility of the trend, we penied the whole set of measurements
(WT, untreated\pptl, and antioxidant-treatefipptl strains) in triplicate. More specifically,

we used the same excitation laser power and ex@dsne, and recorded Raman spectra of
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200 cells in each measurement. Results are shovAgure I11-8. The overall trend in the
effect of the antioxidants is fully consistent witthat we have discussed on the basis of

Figures I11-4-7.

[11-3. Time-lapse Raman measur ements

We now have shown by looking into the Raman speuntasured after 10 h of culture,
that the intensity of the 1602 chband of the\ppt1 yeast strain can be improved by external
addition of the antioxidants (Figure 111-3). Thisignomenon should be dynamic in nature,
and it is crucially important to study its tempota¢havior. Therefore, we tried to do
time-lapse experiments in which the change in Rasp@ttrum was monitored at different
culture times after the antioxidant was added.

We measured 100 Raman spectra ofAppt1 cells with and without addition of RLA
and GSH at 0.5 mM to the medium at different celtiimes (0, 3, 7, 10, 15, 22, and 30 h). A
time-stream of the averaged (but unnormalized) Rasmectra is shown for the control
(untreated\pptl), Apptltreated with RLA, andpptl treated with GSH in Figure IlI- 9, 10,
and 11, respectively. At 0 h, tidsptl strain showed almost no signal at 160Z tfigure
111-9). The 1602 cm* band emerged at 7 h and remains nearly constamhdee than 20 h
afterward. Note that the intensity of the 1602 trband slightly increased after long
incubation even in the absence of an antioxidamwéver, it increased with time more
markedly when the\pptl cells were treated with RLA (Figure 111-10) and BSFigure
[1I-11). To better see the time evolution, we plo¢ averaged band intensity rafigsodAq440
as a function of culture time (Figure IlI-12). Wancsee a drastic increase in the ratio at
around 10 h for RLA and GSH. This finding indicatlat it took about 10 h for the added
antioxidant to become effective. The ratio for th@reatedApptl strain decayed gradually
after 10 h, whereas that for the RLA- or GSH-trdattains increased by about 20-30 times.

In stark contrast, the other Raman bands at 168®),1and 1003 ci did not change with
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time as much as the 1602 ¢nband (Figure 11I-13). The marked increase at X also be

seen from histograms of the intensity ra&i@odA1440 Shown in Figure IlI-14. In both cases of

RLA and GSH, the distribution shifts to a highetioan going from 3 h to 10 h.

[11-4. Conclusion

(1)

@)

3)

(4)

The key findings are summarized as follows:
Presumably because of the disruption of gene redpenfor CoQ10 production, the
Apptl strain of fission yeast may have less resistancetracellular oxidative stress
induced by ROS. It showed much weaker 1602*dmand intensity than the WT strain
(Figure 1l1I-2).
Adding antioxidants to the medium in which tApptl strain was grown recovered the
intensity of the 1602 cm band (Figure Ill-4). However, similar effects ofiet
antioxidants were not observed for other Raman $adl655, 1300, and 1003 ¢m
(Figures 111-5-7).
The antioxidant activity in living fission yeastliseevaluated by using the diminished
1602 cm* band ofApptl was found to be strongest for GSH (about 2.8-foltease
with respect to the untreated control), moderateRbA and RLAY-CD (about 2-fold
increase), and very weak for Vit C (1.2-fold insen
Time-lapse Raman measurements onfpptl cells treated with RLA and GSH clearly
revealed that the intensity of the 1602 Cinand begins to increase approximately 10 h
after the addition and keeps growing up to 30 h.

Together, we have demonstrated that Raman micrsepeopy can be used as a novel

guantitative tool for assessing the efficacy ofimas antioxidantsn viva. It is still unclear

why only the ergosterol band recovers when celéstegated with antioxidants and other

protein and lipid bands do not. More spectroscagiavell as biological experiments will be

needed to clarify the molecular mechanism behiedotiesent findings.
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Table 111-1. Assignments [3] of representative vibrational bawotiserved in the Raman

spectrum ofS. pombe

Peak position (cii)  Assignment

715 Phospholipid headgroup

782 DNA/RNA

1003 Ring breathing of phenylalanine residues

1083 Antisymmetric CCC stretching

1154 C-C and C—N stretching

1266 C=C-H in-plane bend of tbess —-CH=CH- linkage

Amide IlIl mode of proteins

1300 In-plane CHitwisting mode

1340 CH bending of the aliphatic chain of proteins
1440 CH scissoring and CHdegenerate deformation
1602 Mainly conjugated C=C stretch of ergsterol [9]
1655 cis-C=C stretching of the unsaturated lipid chains

Amide | mode of proteins

1744 C=0 stretch of the ester linkage of lipids
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Figure I11-1. (A) Growth curves of the WT (black) and untreafguptl strains (red). (B)
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Figure 111-2. Averaged Raman spectra (n = 200) of the WT (blaeid Apptl strain(red).

The spectra have been normalized to the area itgerishe 1440 cii band.
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Figure I11-10. Time-lapse Raman spectra (n = 100) of Mpptl strain treated with 0.5 mM
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Figure I11-11. Time-lapse Raman spectra (n = 100) of Apptl strain treated with 0.5mM
GSH obtained 0 h (red), 3 h (orange), 7 h (greedfy (blue), 15 h (purple), 22 h (mulberry),

and 30 h (brown) after addition of GSH.
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cm* to that at 1440 ci of the untreated\pptl (red), Apptl treated with 0.5 mM RLA

(green), and\pptltreated with 0.5 mM GSH (blue).

36



—A— A1655/A1440 (non-add) ~ —A— A1655/A1440 (add GSH) —A— A1655/A1440 (add RLA)
05| —® AI300/A1440 (non-add) —@— A1300/A1440 (add GSH) —@— AI300/A1440 (add RLA)
27 —m— AI003/A1440 (non-add)  —— A1003/A1440 (add GSH) —— A1003/A1440 (add RLA)
04
03
8
g
02
0.1
00 U s 5 —
I I I I I I I
0 5 10 15 20 25 30

Time (hr)

Figurell11-13. Time dependence of the averaged ratio of Ramad bassa intensity at 1655
(triangle), 1300 (circle), and 1003 (square) tio that at 1440 cil of the untreatedpptl

(red),Apptltreated with 0.5 mM RLA (green), adghptltreated with 0.5 mM GSH (blue).

37



| RLA /3 hr 80 GSH/ 3 hr
| 60
= | 5
8 : 3
kS : 5 40
S : S
Z. : Z.
§ 20
:—|—|—|—|—|—|—|—|—|—| 0 %
004 008 012  0.16 0.20 000 004 008 012 016 020
A1602/A1440 A1602/A1440
B —- e—
25 RLA /10 hr 25 GSH /10 hr
20 — 20 -
5 £
E; : é; 15
© | S
Z - | Z 10
% 5
11 — 0 —
0.00 004 008 012 016 0.20 000 004 008 012 0.16 0.20
A1602/A1440 A1602/A1440

Figure I11-14. Histograms of the ratio of Raman band area intersgi 1602 crit* to that at

1440 cm* 3 h (A) and 10 h (B) after addition of the antigemt (green, RLA; blue, GSH).

Yellow lines represent the mean value.

38



Chapter |V

Summary and Future Wor k
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In this study, we used confocal Raman microspectq@g to measure the effects of
exogenous antioxidants on the CoQ-deficielppil) strain of fission yeast. The Raman
intensity of the 1602 ci band, which mainly originates from the conjuga®sC stretch of
ergosterol [9], is greatly suppressed in fpptl strain. This is most likely because teptl
strain cannot lower the level of ROS and ergosterah potentially be oxidized by
accumulated ROS to form ergosterol peroxide [1Z, Which no longer possesses the
conjugated C=C moiety. Upon addition of antioxidga(RLA, GSH, Vit C, and RLACD),
the intensity of the 1602 cthband increased about 2—3 times. However, siméleovery of
the band intensity was not observed for other Rabsamis at 1655, 1300, and 1003 tm
showing that the 1602 cthband is a sensitive probe for intracellular oxidatstress.
Time-lapse Raman measurements on Abetl cells treated with RLA and GSH clearly
revealed that the intensity of the 1602 Eipand begins to increase approximately 10 h after
the addition and keeps growing up to 30 h.

However, in these experiments, we did not dischsseffect of the concentration of
exogenous antioxidants on the CoQ-deficiefyptl) strain of fission yeast, so we will
measure the CoQ-deficienfptl) strain of fission yeast added different concermra
antioxidants. Time-lapse Raman measurements ofA\pp# cells treated with RLA and GSH
clearly revealed that the intensity of the 1602 thand begins to increase approximately 10
h after the addition and keeps growing up to 3But.the intensity of the 1602 chalid not
keep a balance, so we will observes the intensityeo1602 crit after 30 h.

We have thus demonstrated that Raman microspecppscan be used as a novel
guantitative tool for assessing the efficacy ofimas antioxidantsn vivo. Although it is still
unclear why only the ergosterol band recovers wtedls are treated with antioxidants and
other protein and lipid bands do not, we believie thethod will open new possibilities not

only in fundamental cell biology but in medicinedaiood industry.

40



Reference

41



References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

H. Sies,Experimental Physiologyol. 82, pp. 291-295,1997.

Chaudiére J, Ferrari-lliou REood Chem ToxicoMol. 37, pp. 949-962,1999.

Y.-S. Huang, T. Karashima, M. Yamamoto, and H. Hgnchi, Biochemistry Vol. 44,
pp. 10009-10019, 2005.

Y.-S. Huang, T. Nakatsuka, and H. Hamaguchpplied Spectroscopy\Vol. 61,

pp.1290-1294, 2007

Y. Naito, A. Toh-e, and H. HamagucBigurnal of Raman Spectroscopyol. 36, pp.

837-839, 2005.

H. Tang, H. Yao, G. Wang, Y. Wang, Y. Q. Li, and Feng,Optics Express\vol. 15,

pp. 12708-12716, 2007.

V. V. Pully, and C. OttoJournal of Raman SpectroscoMpl. 40, pp. 473-475, 20009.

C. Onogi, H. Torii, and H. HamaguchChemistry Lettersvol. 38, pp. 898-899, 20009.

L.-d. Chiu, F. Hullin-Matsuda, T. Kobayashi, H. ipand H. HamaguchiJournal of
Biophotonics\Vol. 5, pp.724-728, 2012.
K. Suzuki, K. Okada, Y. Kamiya, X. F. Zhu, T. Nalkag, M. Kawamukai, and H.

MatsudaJournal of Biochemistrwol.121, pp. 496-505,1997.

N. Uchida, K. Suzuki, R. Saiki, T. Kainou, K. TamakH. Matsuda, and M.

KawamukaiJournal of BacteriologyVol.182, pp. 6933-6939, 2000.

J.-S. Lee, C.-M. Ma, D.-K. Park, Y. Yoshimi, M. atka, and M. HattorBiological

and Pharmaceutical Bulletjnvol.31, pp. 949-954, 2008.

A’. Trigos and A. Ortega-Reguleslycologig Vol. 94, pp. 563-568, 2002.

C.-K. Huang, H. Hamaguchi, and S. Shig&bemical Communication¥ol. 47, pp.

9423-9425, 2011.

H. N. N. Venkata, N. Nomura, and S. Shig&loyrnal of Raman Spectroscoppl. 42,

pp. 1913-1915, 2011

42



[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Y.-F. Chiu, C.-K. Huang, and S. Shige@hemBioChen\ol.14, pp. 1001-1005,2013.
S. Ask, P. Barrillon, A. Braem, C. Cheiklali, I. tBfmiopoulos, D. Fournier, C.

Delataille, B. Digirolamo, P. Grafstrom, and C. alor Nuclear Instruments and

Methods in Physics Research Section A: Acceleratwectrometers, Detectors and

Associated Equipmeniol. 568, pp. 588-600, 2006.

H. N. N. Venkata, N. Nomura, and S. Shige@hemistry and Biology\Vol. 14, pp.

1001-1005, 2012

C.-K. Huang, M. Ando, H. Hamaguchi, and S. Shigétmalytical Chemistry\Vol. 84,

pp. 5661-5668, 2012

Y.-T. Zheng, M. Toyofuku, N. Nomura, and S. Shigetaalytical Chemistry\Vol. 85,

pp. 7295-7301, 2013

G. H. Golub and C. ReinscNumerishche Mathematikol. 14, pp. 403-402, 1970

T. Nishida, T. Kaino, R. lkarashi, D. Nakata, Krde, M. Ando, H. Hamaguchi, and T.

YamamotoJournal of Molecular Structure/ol. 1048, pp. 375-381, 2013

Petersen Shay K, Moreau RF, Smith EJ, Hagen TWBMB Life, Vol. 60, pp.362-367,
2008

Pompella A, Visvikis A, Paolicchi A, De Tata V, QaisAF., Biochem PharmacqlVol.

66, pp. 1499-503,2003

McGregor GP, Biesalski HKCurr Opin Clin Nutr Metab Care Vol. 9, pp. 697-703,

2006

43



